Full radiation by Burton, Mary
F U L L  R A D I A  ï l U N
P art  I H i s t o r i a a l .  Pages  i - 2 3 .
Parx 2 ï h e m r e t i c a l ,  " 24 - 1 1 0 .
P a r t  3 E x p er im en ta l .  " i l l  -1 ^ 3 .
ProQuest Number: 10097163
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest.
ProQuest 10097163
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
full  r a d ia t io n .
P a r t  1,
H i s t o r i c a l  I n t r o d u c t i o n .
The s tu d y  o f f  P u l l  R a d i a t i o n  goes  b a c k , r o u ^ I ÿ  to  1791, 
a t  which  t im e t h e ’'F l u i d  Theory of  H ea t"  was s t i l l  b e l i e v e d .  The 
f i r s t  i m p o r t a n t  i n v e s t i g a t i o n s  seem to  have  been  c a r r i e d  o u t  
by P r é v o s t , of G eneva. Of c o u r s e , t h e r e  i s  no m en t ion  of  such 
te rm s  a s  " F u l l j P r d i e t i o n " i n  P r o v o s t ' s  w ork , b u t  h i s  i n v e s t i g a t i o n s  
s e e n  t o  be a s t a r t i n g  p o i n t  from which  t o  b u i l d  up a h i s t o r y  
o f  t h e  s u b j e c t .  E x p e r im en ts  on l o s s e s  of h e a t  had been  done 
p r e v i o u s l y  by Newton, i n  1664 and  a t  t h e  b e g i n n i n g  of t h e  i 8 t h  
c e n t u r y .  In  1701, he had made e x p e r im e n t s  on t h e  r a t e  of c o o l i n g  
o f  a h o t  body, f i n d i n g  t h a t  i t  t o  be p r o p o r t i o n a l  t o  t h e  e x c e s s  
of  t e m p e r a t u r e  of t h e  body o v e r  t h e  s u r r o u n d i n g s . T h is  law of  
N ew ton 's  was l a t e r  found  t o  be e r r o n e o u s  when d e a l i n g  w i t h  
g r e a t  t e m p e r a tu r e  d i f f e r e n c e s .  I n  f a c t  H e r s o h e l ,  b a s i n g  h i s  
c a l c u l a t i o n s  on t h i s  l a w , e s t i m a t e d  t h e  t e m p e r a t u r e  of  t h e  sun 
many t i a e s  to o  g r e a t .
In  1791-2,  P r é v o s t  o u b l i r-hed h i s  famous "Theory  of Exchanges"  
t o  e x p l a i n  t h e  e f f e c t  o b se rv ed ^ n  1783 ,by P i c t e t , commonly c a l l e d  
" t h e  R e f l e c t i o n  of C o ld " .  This  was , t h a t  when a  lump of  i c e  i s  
p l a c e d  a t  t h e  c e n t r e  of  c u r v a t u r e  of a  concave  m i r r o r ,  and a 
the rm om ete r  i s  p l a c e d  s y m m e t r i c a l l y  a t  t h e  f o c u s  of  concave  
m i r r o r  p l a c e d  s y m m e t r i c a l l y  o p p o s i t e , t h i s  th e rm o m ete r  i n d i c a t e d  
a  f a l l  i n  t e m p e r a t u r e .
2The f o l l o w i n g  i s  r o u g h ly  t h e  main l i n e  of  P r é v o s t ' s
a r g u m e n t , t r a n s l a t e d  from h i s  p a p e r .  He f i r s t  c o n s i d e r e d  e q u i -  
l i b r i u n ^ s  a p p l i e d  to  "un f l u i d  t e l  que l e  f e u " .  He c l a im e d  
n o t  to  be c o n s i d e r i n g  t h e  a c t u a l  n a t u r e  of  t h e  h e a t , " w h e t h e r  
m a t e r i a l  o r  i m m a t e r i a l ,  c o n t ig u o u s  o r  o t h e r w i s e  t h e  m o b i l i t y  
of  t h e  "moles de f e u " , o r  t h e i r  means of m o t io n ,w h e th e r  t h i s  
i s  v i b r a t o r y  o r  p r o g r e s s i v e " .  A l l  t h e s e  t h i n g s  he s a y s  a r e  
n o t  i m p o r t a n t  and t e n d  t o  make th e  i m a g i n a t i o n r r u n  w i ld  and to  
l o s e  s i g h t  of  ÿhe i m p o r t a n t  and  t r u e  c a u s e s .  The r e a l  c o n ­
s t i t u t i o n / o f  t h e  f l u i d  i s  b a s e d  on t h e  t h e o r y  of ' d i s c r e t e  
f l u i d s ' , a l r e a d y  known. Heat  i s  a  d i s c r e t e  f l u i d , e l a s t i c  on 
a c c o u n t  of i t s  e x p e n s iv e  f o r c e  and  a f f e c t s  t h e  movements of 
t h e  p a r t i c l e s  c a u s e d  by th e  im p u lse  of t h e  f l u i d .  H eat  t r a n s ­
f e r e n c e  i s  i n s t a n t a n e o u s , and  s e n s i b l y  r e c t l i n e a r . L i g h t  
r a d i a t i o n  i s  a p a r t i c u l a r  k in d  of f l u i d .  I t  n e v e r  s t o p s  th e  
p a t h  of a n o t h e r  beam of l i g h t , b e c a u s e  beams of l i g h t  can  c r o s s  
one a n o t h e r  w i t h o u t  i n t e r f e r e n c e , and  t h e r e f o r e  t h e  p a r t i c l e s  
t h e r e o f  must be  f a r  a p a r t  compared w i th  t h e  d i a m e t e r s  of t h e  
m o le c u l e s .  What i s  t r u e  of  l i g h t  i s  t r u e  of  a l l  r a d i a t i o n  
f l u i d s .  F re e  h e a t  r a d i a t i o n  i s  a v e r y  r a e e  k in d  of f l u i d ,  
s i n c e  t h e  p a r t i c l e s  of i t  do n o t  m u t u a l l y  i n t e r a c t .  I t  urannot 
conform  t o  o r d i n a r y  p h y s i c a l  p r i n c i p l e s , f o r  one s a y s  n o r m a l ly  
t h a t  h e a t  i t s e l f  i s  c o e r c i b l e  and  y e t  one s a y s  t h a t  c o n t ig u o u s  
p o r t i o n s ,  when t h e i r  t e m p e r a t u r e s  a r e  t h e  s a m e ,a r e  m u t u a l l y  
r e s t r a i n e d .  These e x p r e s s i o n s  a r e  n o t  e x a c t .  R e a l l y  t h e  h e a t  
from one p o r t i o n  can  n e v e r  s t o p  t h e  h e a t  of a n o t h e r , s i n c e  two
3 .
" f e u " g iv e  each  o t h e r  m utua l  p a s s a g e .  We must t h e r e f o r e  con c lu d e  
t h a t  th e  two p o r t i o n s  g iv e  and r e c e i v e  m u tu a l ly  to  and from 
one a n d t h e r  i n  th e  same way t h a t  tv;o masses rebound from t o e  
a n o t h e r , a f t e r  e l a , s t i c  im p a c t .
E x a c t ly  what Prevosjÿmeans by c o e r c i b l e  i s  n o t  c l e a r .  I t  
seems t h a t  a c o e r c i b l e  f l u i d  i s  one which c a n , i n  g e n e r a l  language  
be made to  go where one v/ants.  Heat r a d i a t i o n  ca n n o t  be 
e x a c t l y  made t o  go i n  th e  d i r e c t i o n  one would w ish .  However, 
th e  main t h i n g  f o r  our pu rpose  , i s  t h a t  he r e a l i s e d  th e  p r e s e n c e  
of a n ea rb y  s i m i l a r  " f l u i d "  co u ld  n o t  p r e v e n t  th e  f low of th e  
" f l u i d " , a n d  he assumed t h e r e f o r e  t h a t  th e  a p p a r e n t  e q u i l i b r i u m  
between two b o d ie s  a t  th e  same te m p e r a tu r e  does n o t  mean a 
s t a t e  of a b s o l u t e  e q u i l i b r i u m  b u t  more a s t a t e  of s t a t i s t i c a l  
e q u i l i b r i u m  betv/een th e  two b o d ie s ,
P r é v o s t  i l l u s t r a t e s  h i s  remarks  f u r t h e r  by t h i s  e x a m p le . . .
"suppose  we have two c u b e s , e n c lo s e d  i n  an impermeable e n c lo s u r e
w i th  th e  two a d j a c e n t  s i d e s  p la c e d  t o g e t h e r  t o  form a p a r r l l e l -
o p i p e d , th e  s i x  s i d e s  of which a r e  s o l i d  and w i th o u t  s p a c e s .
The o u t s i d e  1 space  i s  p e r f e c t l y  e v a cu a te d  ,and  i n t o  one cube
i s  p la c e d  some h e a t .  I t  makes c o n t in u o u s  exchanges and one
can c o n f i r m , a t  any i n s t a n t  hov/ much h e a t  i s  b e in g  r e c e i v e d
by each  p a r ÿ , a n d  th e  s t a t e  of th e  h e a t .  Y/hile t h i n g s  a r e  so
t h e r e  i s  no q u e s t i o n  of a n y t h in g  b u t  e q u i l i b r i u m ,  ’r e l a t i v e
e q u i l i b r i u m ’ . Now suppose i n t o  one cube i s  poured  some more
h e a t .T h e  exchanges a r e  n o t  u n e q u a l , a n d  one r e c e i v e s , s a y , e le v e n
p a r t i c l e s  w h i le  i t  g iv e s  back t e n .  . ’.’" a b s o l u t e  e q u i l i b r i u m "  
i s  where one r e c e i v e s  e x a c t l y  whs.t t h e  o t h e r  ' l a i s s e  e c s h a p p e r ’
4 .
R e l a t i v e  e q u i l i b r i u m  i s  e q u i l i b r i u m  between two p a r t s  o n l y . . "  
L a t e r  he goes on to  say " th e  ' f e u ' a t  of s e v e r a l  p o r t i o n s  a t  
th e  same t e m p e ra tu r e  i s  i n  e q u i l i b r i u m .
P r é v o s t ' s  i d e a s  were th e  f i r s t  on th e  s u b j e c t  of
" S t a t i s t i c a l  E q u i l i b r iu m " .  P re v io u s  to  t h i s  work ,a  r a d i a t i n g
bodjj4t a h i g h e r  t e m p e ra tu r e  had been c o n s i d e r e c ^ s  g i v i n g  h e a t
t o  th e  s u r r u o n d i n g s , b u t  n o t  to  be r e c e i v i n g  t ÿ  i t  from th e
su r iu u n d i ï îg s  ,and  when by v i r t u e  t o  t h e  h e a t  l o s t  t o  th e
s u r ro u n d i n g s ,  th e  body a t  th e  h i g h e r  t e m p e r a tu r e  r e a c h e d  th e
same te n p e i re tu re  a s  t h a t  of t h e  s u r r o u n d i n g s , th e n  h e a t  c e a se d
t o  f low  from th e  body to  th e  su ' - ro u n d in g s . P r é v o s t  p o in t e d  
th e
o u t  t h a t ^ h e a t  posse^.ssed by th e  s u r ro u n d in g s  co u ld  n o t  p o ss ib ly  
p r e v e n t  th e  body from g i v i n g  ou t  more h e a t  , even when th e  
body and th e  s u r ro u n d in g s  were a t  th e  same t e m p e r a tu r e ,  and 
i t  was on a c c o u n t  of t l i i s  v/ork by P r é v o s t  , t h a t  equi l ibr i i j im  
of t h i s  k i n e t i c  k in d  was th o u g h t  of f o r  th e  f i r s t  t im e .  
A l t h o u ^  P r é v o s t  does n o t  say so i n  so man): words ,  i t  i s  c l e a r  
t h a t  he c o n s i d e r s  th e  r a d i a t i o n  from a b o d y ,a s  depend ing  on ly  
on th e  t e m p e ra tu r e  of t h e  body and th e  n a t u r e  of th e  body, 
and n o t  i n  any way on th e  p r e s e n c e ^ f  any n e i g h b o u r in g  b o d ie s .  
I t  i s  v e ry  d i f f i c u l t  t o  make ou t  e x a c t l y  v/hs.t i s  i n  P r é v o s t ' s  
mind a t  th e  t im e of v / r i t i n g .  O bvious ly  he c o n s id e r e d  h e a t  
a s  a f l u i d  c o n s i s t i n g  of p a r t i c l e s , and a s  t e m p e r a tu r e  a s  a 
k in d  of p r e s s u r e  w h ich^ the  f l u i d  t o  f low  from a h o t  body to  
a c o o l e r  one. This  i d e a  of t e m p e r a tu r e  i s  v e ry  i n t e r e s t i n g  
f o r  i t  i s  s t i l l  now sometimes s a i d  t h a t " T e m p e ra tu r e  i s  t h a t
5 .
which c a u se s  h e a t  t o  flov/ from a h o t t e r  body to  a  c o l d e r  o n e " /  
His p ap e r  must have a g r e a t  im p re s s io n  on th e  minds of p h y ic -  
i s t s ^ ^ t  th e  t im e ,  f o r  i n  t e x t - b o o k s , " P ré v o s t  ' s Theory of Ex­
changes"  i s  s t i l l  q u o te d .
His view of exchanges does n o t  q u i t e  c o i n c id e  w i th  t h e  
p r e s e n t  day o n e , t h a t  th e  em is s io n  from a body depends e n t i r e l y
pU.cje.
on what t a k e s ^ v r i th in  th e  body,a&)sis n o t  i n f l u e n c e d  by th e  
s u r r o u n d i n g s .
A f t e r  P r é v o s t  had p u b l i s h e d  h i s  work, H e r sc h e l  made 
a v e ry  i n t e r e s t i n g  e x p e r i m e n t , which was t h e  f i r s t  a t t e m p t  
t o  d e te rm in e  th e  d i s t r i b u t i o n ^ f  ene rgy  i n  a spec t rum ,  
a l t h o u g h  i t  i s  d o u b t f u l  w he the r  Hersche]|made th e  ex p e r im en t  
w i th  any o b j e c t  i n  v i e w ,o r  i f  he d id  n o t  do i t  more t o  see  
w he the r  th e  i n d i v i d u a l  components of t h e  s u n ’s r a y s je x h ib i t e d  
h e a t i n g  p r o p e r t i e s  when c o n s id e r e d  i n d e p e n d e n t ly  a s  th e y  d id  
when a l t o g e t h e r .  Y/hat he d i d  was t o  p u t  e themmometer i n  each  
of th e  seven c o l o u r s  of th e  spec t rum ,  and t o  obse rve  th e  temp­
e r a t u r e  to  which th e  therm om eter  r o s e .  He found t h a t  th e  temp­
e r a t u r e  i n d i c a t e d  by th e  therm4>meter[was d i f f e r e n t  f o r  each 
of t h e  seven c o l o u r s , t h e  maximum l y i n g  i n  th e  r e d - h a l f  of th e  
spec trum .  He, n o te d ,  a l s o ,  t h a t  t h e  maximum was n o t  d e f i n i t e ] )  
f i x e d , i n  f a c t  i t  l a y  sometimes u u t s i d e  th e  v i s i b l e  p a r t  of th e  
spec trum  a l t o g e t h e r .  I t  was i n  t h i s  wayy by p l a c i n g  t h e  therm* 
ometerfDutside th e  M s i b l e  p a r t  t h a t  th e  i n v i s i b l e  r a d i a t i o n ,  
now known as  t h e  i n f r a  r ed ,w as  found t o  e x i s t .
The e x i s t e n c e  of a n y ‘v i s i b l e  r a d i a t i o n  was e m p h a t i c a l l y
6 .
d e n ie d  by John LeÈ lÈe , who a s s e r t e d  t h a t  r e f r e a g i b i l i t y  must 
be co n n e c ted  w i th  V i s i b i l i t y ,  .and t h a t  th e  id e a  of i n v i s i b l e  
r a d i a t i o n  was u t t e r l y  im p o s s ib l e .  His view was t h a t  th e  h e a t -  
i n ^ i n  any spec trum  was " d i r e c t " , a n d  th a h  one p a r t  a c t u a l l y  
"p a s s e d  on " i t s  h e a t  t o  th e  n e x t , p e r h a p s  even t o  t h e  a i r  i t s e l f ,  
th u s  c a u s in g  a h e a t i n g  e f f e c t  o u t s i d e  th e  v i s i b l e  p a r t .  He
b
th o u g h t  t h a t  one p a r t  was warmed, and th e n  i t  expanded and passe^ 
on i t s  h e a t  to  t h e  n e x t  p a r t ,  and when i t  had g iv e n  up i t s  h e a t  
i t  c o n t r a c t e d  a g a i n ,  v;hile th e  warm p a r t , i n  i t s  t u r n , p a s s e d  
on i t s  h e a t  and so o n , th u s  g e t t i n g  a s o r t  of u n d u l a t b r y  p r o c e s s .  
Thus a body r a d i a t e d  h e a t  by th e  u n d u l a t i o n s  of t h e  a i r .  In  
s p i t e  of th e  i n d i  s p u t a b l e , d i  sc o r e r y  ,by R i t t e r  of Germany, 
con f i rm ed  by W o l l a s t o n , i n  England t h a t  s i l v e r  m u r i a t ^ i s  
b la c k e n e d  by th e  i n v i s i b l e  r a y s  which ex ten d  o u t s i d e  th e  
p r i s m a t i c  spec trum ,  th u s  p u t t i n g  beyond a l l  doub t  th e  e x i s t e n c e  
of i n v i s i b l e  r a d i a t i o n , L e s l i e  s t i l l  m ia n ta in e d  t h a t  h i s  views 
were c o r r e c t , i n  o p p o s i t i o n  t o  H e r s c h e l , unt i l j l 813 when Davy 
showed t h a t  i n  o r d in a r y  a i r ,  which had been ex h a u s te d  t o l / j g ^  
d e n s i t y  of a tm o sp h e r ic  a i r  r a d i a t i o n  wss t r a n s m i t t e d  
t h r e e  t im es  mere a s  s t r o n g l y  a s  iA ^ i tm o s p h e r ic  a i r , i n s t e a d
Z>o
of c o r r e s p o n d in g l y  more weakly ,  a s  i t  shou ld^on  L e s l i e  s t h e o r y .
A lthuugh  L e s l i e  ’ s|views on t h i s  s u b j e c t  were wrong, 
y e t  h i s  v/ork i s  of im p o r tan ce  and v a l u e ,  becau se  he v/ae th e  
f i r s t  t o  g iv e  any q u a n t i t i v e  informatjiom a b o u t  r a d i a t i o n .  He "j 
i n v e n te d  two p i e c e s  of a p p a r a t u s  named a f t e r  him, t h e  d i f f e r ­
e n t i a l  th e rm o m ete r , and th e  L e s l i e - c u b e ,  b o th  to o  v/e l l  knovm 
t o  need any d e s c r i p t i o n .
7 .
I t  was ab o u t  t h i s  t ime t h a t  th e  f l u i d  th o e ry  of h e a t  v/as 
abandoned.  In  l803,Rumford made h i s  famous o b s e r v a t i o n  on th e  
b o r in g  of a c a n n o n - b a l l  and a b o u t  t h a t  t im e,Davy rubbed  two 
p i e c e s  of i c e  t o g e t h e r , a n d  m e l ted  them by th e  p r o c e s s .  These 
tv/o e x p e r im e n te r s  p r o v e d d e c i s i v e l y  t h a t  heatj^vàs n o t  a f l u i d .  
U n f o r t u n a t e ly ,n o  o t h e r  t h e o ry  came i n t o  b e in g  t o  t a k e  th e  
p l a c e  of th e  f l u i d  t h e e r y  and one of th e  most i m p o r t a n t  q u e s t io n s  
t o  be answered a t  t)%is p e r io d  was a s  t o  th e  n a t u r e  of h e a t .  
G ra d u a l ly  t h e  s i m i l a r i t y  between r a d i a n t  h e a t  and l i g h t  began 
to  be r e a l i s e d  a l t h o u g h  i t  v/as a  good many y e a r s  b e f o r e  th e  
s i m i l a r i t y  was g e n e r a l l y  a c c e p t e d .  The f o l lo w in g  i s  an 
e x t r a c t  from Young’s L e c tu r e s  i n  th e  y e a r  1 8 0 7 . . .
"Dr H e r s c h e l ’s e x p e r im en ts  have shown us t h a t  r a d i a n t  h e a t  
c o n s i s t s  of d i f f e r e n t  p a r t s  which a r e  d i f f e r e n t l y  r e f r a n g i b l e  
and t h a t  g e n e r a l l y  h e a t  i s  l e s s  r e f r a n g i b l e  th a n  l i g h t .  This  
d i s c o v e r y  must be a l lo w ed  to  be one of t h e  g r e a t e s t  t h a t  have
been made s i n c e  th e  days of Newton  p ro b a b le  t h a t  th o s e
b l a c k , o r  i n v i s i b l e  r a y s  , t h e  v b b l e t , b l u e , g r e e n , p e rh ap s  th e  
ye l low  and th e  r e d  r a y s  of l i g h t , a n d  th e  i n v i s i b l e  h e a t  r a y s  
c o n s t i t u t e  seven d e g re e s  of t h e  same s c a l e , d i s t i n g u i s h e d  from 
each  o th e r  i n t o  t h i s  l i m i t e d  number n o t  by m a t e r i a l  d i M s i o n s  
b u t  by th e  e f f e c t s  on our s e n s e s , a n d  we may co n c lu d e  t h a t  
t h e r e  i s  some s i m i l a r  r e l a t i o n  betweeb th e  h e a t  and luminous 
b o d ie s  of d i f f e r e n t  k i n d s . . . "
L a t e r  i n  th e  same p a p e r .  Young says  . " I f  h e a t  i s  n o t  a 
s u b s t a n c e  i t  must be a q u a l i t y  and t h i s  can  on ly  be m o t i o n . I t
8 .
was Newton’s o p in io n  t h a t  h e a t  c o n s i s t s  i n  a m inu te  v i b r a t o r y  
motion  of th e  p a r t i c l e s  of b o d ie s ,  and t h a t  t h i s  motion  i d  
communicated th ro u g h  an a p p a r e n t  vacuum by th e  u n d u l a t i o n s  of 
an e l a s t i c  medium which i s  a l s o  concerned  i n  th e  phenomenon 
of l i g h t .  I f  t h e  argum ents  which have l a t e l y  been advanced  
i n  f a v o u r  of  th e  u n d u la to r y  t h e o ry  of l i g h t  be deemed v a l i d ,  
t h e r e  w i l l  be s t i l l  s t r o n g e r  r e a s o n s  f o r  a d m i t t i n g  t h i s  d o c t r i n e  
r e s p e c t i n g  h e a t ,  and i t  w i l l  on ly  be n e c e s s a r y  to  suppose t h e  
v i b r a t o r y  u n d u l a t i o n s  p n i n c i p a l l y  c o n s t i t u t i n g  i t  t o  be l a r g e r  
and s t r o n g e r  th an  th o s e  of l i g h t , w h i l e , a t  t h e  same'j^'the s m a l l e r  
v i b r a t i o n s  of l i g h t  and even of th e  b la c k e n i n g  r a y s ,  d e r i v e d  
from s t i l l  more minute  v i b r a t i o n s , may pe rhaps  when s u f f i c i e n t l y  
condebsed be concerned  i n  t h e  p ro d u c in g  of th e  e f f e c t s  of h e a t .  
These e f f e c t s , b e g in n in g  from th e  b l a c k e n i n g  r a y s ,w h ic h  e r e
v/iolel"
i n v i s i b l e , a r e  l i t t l e  more p e r c e p t i b l e  i n  which s t i l l  p o s s e s s e s(V
of
b u t  a f a i n t  p o w e r ^ i l l u m in a t io n ;  th e  g re e n  ye l lo w  - g r e e n  a f f o r d s  
th e  most l i g h t  ; th e  rôd  g iv e s  l e s s  l i g h t  b u t  more h e a t ,  w h i le  
th e  s t i l l  l a r g e r  and l e s s  f r e q u e n t  v ib ra t io n s |v ;h ic h  have no 
e f f e c t  on th e  senses ,m ay  be su p p o sed to  g iv e  r i s e  to  th e  l e s s  
r e f r a n g i b l e  r a y s , a n d  to  c o n s t i t u t e  th e  i n v i s i b l e  h e a t , " . .
Much e x p e r im e n ta l  work was now done on th e  a b s o r p t i o n  
and t r a n s p a r e n c y  of m a t e r i a l - i n  c o n n e c t io n  w i th  which th e  
names of  M e l l o n i ,N o b i l i  and Forbes  a r e  o u t s t a n d i n g .  I n i 831 
N o b i l i  and M ellon i  p u b l i s h e d  t h e i r  work on th e  a b s o r p t i o n  
i n  th e  sunVs spec trum  and on th e  t r a n s p a r e n c y  of s u b s t a n c e s  
t o  th e  i n v i s i b l e  r a d i a t i o n s , a  s u b j e c t  on v/hich Seebeck had
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a l r e a d y  been wording  . Tv/o y e a r s  l a t e r , M el lon i  found t h a t  
d i f f e r e n t j s u b s t a n c e s  had q u i t e  d i f f e r e n t  d e g re e s  of t r a n s p a r e n c y  
and on ac c o u n t  of  t h i s  d ia th e rm an o u s  p r o p e r t y , h e  exÿ la ined j the  
d i f f e r e n t  maxima obse rved  by H e rsc h e l  i n  h i s  ex p e r im en t  to  
d e te rm in e  th e  t e m p e r a tu r e s  of th e  d i f f e r e n t  c o l o u r s  of th e  
s u n ’s spec trum .  At t h i s  t im e t h e n , i t  v/as r e a l i s e d  t h a t  th e  
d i f f e r e n t  maxima i n  H e r s c h e l ' s  ex p e r im en t  v/ere due t o  th e
" s e l e c t i v e  p r o p e r t i e s "  of  t h e  the rm om eter  b u lb ,  and a l s o  to  th e  
f a c t  t h a t  th e  r a d i a t o r  ( t h e  sun) was n o t  a f u l l  one ( i n  our  
se n se  of th e  w ord) ,  s i n c e  i n  I8 l4  F r a u n h o f f e r  had d i s c o v e r e d  
th e  s p e c t r a l  l ines^iamed a f t e r  him. No a t t e m p t  seems to  have 
been made,however,  t o  f i n d  a so u rc e  which gave a com plete  
spec trum , or  a r e c e i v e r  which ab s o rb e d  a l l  t h e  i n c i d e n t  r a d i a t i o n  
a l t h o u g h  i t  m igh t  b e , o f  c o u r s e , t h a t  i n  m easu r ing  th e  a b s o r b in g
f>Yop^ rl i<s
^ o f  th e  v a r i o u s  m a t e r i a l s ,  t h e s e  e x p e r im e n te r s  hoped to  f i n d  
a m a t e r i a l  which was a p e r f e c t  a b s o r b e r .  M ellon i  showed ex ­
p e r i m e n t a l l y  , t h a t  a b s o r p t i o n  was rough ly  p r o p o r t i o n a l  to  th e  
t h i c k n e s s  of th e  m a t e r i a l .  He a l s o  compared th e  q u a n t i t i e s  
of r a d i a t i o n  r e c e i v e d  from d i f f e r e n t  s o u r c e s ,  f i n d i n g  g e n e r a l l y  
t h a t  d i f f e r e n t  s o u rc e s  of h e a t  gave r i s e  to  d i f f e r e n t  amounts 
of r a d i a t i o n .  He was t h e  f i r s t  t o  show t h a t  th e  d i f f e r e n t  
r e f l e c t i n g  powers depend on th e  k in d  of s u r f a c e ,  and was i d -  
dep en d en t  of th e  k in d  bf r a d i a t i o n .  He a l s o  showed t h a t  i t  
depended t o  some e x t e n t  on th e  a b s o r b i n g  power of t h e  r e f l e c t i n g  
e u r f a e e  s u b s t a n c e .  He v e r i f i e d  tha.t  h e a t  r a d i a t i o n  obeys t h e  
same laws of r e f l e c t i o n  and r e f r a c t i o n  a s  l i g h t  r a y s ,  t h a t  i s .
-------------------------------------------------------------    r
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t h a t  h e a t  r a d i a t i o n  cou ld  be b e n t  and r e f l e c t e d  a a d o rd in g  
to  t h e  laws of l i g h t .  This s i m i l a r i t y  was f u r t h e r  co n f i rm ed
by B a r t o l i ,w h o  found t h a t  h e a t  r a d i a t i o n  c o u ld  be p o l a r i s e d .  ;
A l l  t h i s  e x p e r im e n ta l  w ork , though  no d o u b t  of p r a c t i c a l
Kave gM.
im p o r ta n c e ,  seems to^be^m ark ing  t ime w h i le  th e  w a v e - th e o ry  of
b*ûv9
l i g h t  w a s ^ p e r f e c t e d , a n d  r e a d in g  th e  works of th e  d i f f e r e n t  
p eo p le  v / r i t t e n  a b o u t  t h a t  t i m e , g i v e s  one th e  im p r e s s io n  t h a t  
th e y  d id  n o t  v/ish t o  commit them se lves  by e x p r e s s i n g  a d e f i n i t e  
o p in io n .  For  example t h i s  e x t r a c t  from S i r  W ,H e r s c h e l , i n  1 8 3 0 , . ,  
"Solar'^'Wossess a t  l e a s t  t h r e e  p o w e r s , th o s e  of  h e a t i n g ,
I l l u m i n a t i  on ,and  e f f e c t i n g  chem ica l  c o n s t i t u t i o n s , and t h e s e  
p o w ers , d i s t r i b u t e d ^ t h e  d i f f e r e n t l y  r e f r a n g i b l e  r a y s i n  such  a 
manner a s  to  show t h e i r  com ple te  independence  of one a n o t h e r " . .
The q u e s t i o n  of th e  n a t u r e  of r a d i a n t  h e a t  now became 
v e ry  i m p o r t a n t .  The u n d u l a t o r y  t h e o ry  of l i g h t  v/as a lm o s t  gen ­
e r a l l y  a c c e p te d ,  and on a c c o u n t  of th e  s i m i l a r i t y  between 
h e a t  and l i g h t  , i t  seemed to  f o l lo w  t h a t  h e a t  r a d i a t io n s jsh o u ld  
a l s o  be a v i b r a t o r y  p r o c e s s .  P h y s i c i s t s  were d i v i d e d  i n t o  
two g ro u p s ’,' t h o s e  h o l d i n g  th e  view t h a t  th e y  were s i m i l a r ,  
and th o s e  b e l i e v i n g  th e y  were n o t .  Amper^belonged to  th e  fo rm er  
and M ellon i  v/ho had d e m o n s t r a te d  t h e i r  s i m i l a r i t y , h e l d  th e  view 
t h a t  th e y  were d i f f e r e n t .
M e l l o n i ’s e x p e r im e n ta l  work was c o n t in u e d  by Knoblauch.
He d e a l t  whth i t  i n  t h e  s u b j e c t  i n  e x a c t l y  t h e  smme v/ay a s  
M e l l o n i , b u t  w i th  g r e a t e r  c a u t i o n  i n  c o n s i d e r i n g  s o u rc e s  of 
e r r o r .  He worked w i th  b e t t e r  a p p a r a t u s .  His g h i e f  works v/ere
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on th e  p as sag e  of h e a t  th ro u g h  a d ia th e rm an o u s  body" ,  " th e
e m is s io n  powers of  b o d i e s " , " t h e  warming of a body by t o e
p as sag e  of r a d i a n t  h e a t " , " t h e  c r e a t i o n  of h e a t  r a d i a t i o n  g iven
o u t  from d i f f e r e n t  s u r f a c e s  a t  d i f f e r e n t  t e m p e r a t u r e s " , " th e  
c r e a t i o n  of d i f f e r e n t  h e a t  s o u rc e s  from l i g h t  r a d i a t i o n " ,  
" d i f f e r e n t  r e f l e c t i n g  powers of s u r f a c e s " a n d  many more s i m i l a r  
s u b j e c t s .  E s p e c i a l l y  of n o t e  &mong h i s  r e s u l t s  i s  " t h a t  th e  
p a s sag e  of r a d i a t i o n  th ro u g h  a d i a t h e r m a n o u s  s u b s t a n c e  i s  n o t  
d ependen t  on th e  sou rce"  and many o t h e r  s i m i l a r  r e s u l t s  which 
nov/ seem o b v io u s , were a t  t h i s  t im e e x p e r i m e n t a l l y  v e r i f i e d .
I t  was f u l l y  r e a l i s e d  t h a t  d i f f e r e n t  s o u rc e s  of r a d c cution
gave r i s e  t o  q u i t e  d i f f e r e n t  s p e c t r a .  We a r e ,  w i th  t h i s  r e a l -
tKt, 1
i s a t i o n  s low ly  approaching^v/hen th e  p o s s i b i l i t y  o f"Fu l3 |R ad ia t ion"
i s  b e in g  r e a l i s e d .
In  1#33,R i t c h i e  d e v i s e d  a s im p le  e x p e r im en t  t o  demon­
s t r a t e  th e  r e l a t i o n s h i p  between e m is s iv e  and a b s o r p t i v e  powers .
A L e s l i e - c u b e  i s  p l a c e d  betv/een two b u lb s  of a d i f f e r e n t i a l  
therm om eter  and i t  was shevm t h a t  when o p p o s i t e  f a c e s  of th e  
cube w e r e , s a y , b la ck en e d  and s i l v e r e d , t h a t  no movement^n th e  
l i q u i d  of th e  d i f f e r e n t i a l  the rm em oter  r e s u l t e d , i f  t h e  f a c e  
of t h e  thermom eter  o p p o s i t e  to  th e  b l a c k  f a c e  of th e  cube were 
s i l v e r e d , a n d  th e  one o p p o s i t e  to  t h e  s i l v e r  f a c e  b la c k e n e d .
In  1847,much e x p e r im e n ta l  work was done by B e rn a rd ,  
P izeau^nd  F o u c a u l t  on th e  r e f r a c t i o n  of h e a t .  A l l  t h i s  work 
was of an e x p e r im e n ta l  n a t u r e , a n d  te n d ed  t o  show th e  S i m i l a r i t y  
betv/een h e a t  r a d i a t i o n  and l i g h t ,  a l t h o u g h  i t  was n o t  d e f i n i t e l y
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a c c e p t e d  u n t i l  a b o u t  I 8 5 0 .
In  1 8 5 2 , S tokes  w ro te  a s  f o l l o w s ,  .
" Now a c c o r d in g  to  t h e  u n d u l a t o r y  t h e o ry  th e  n a t u r e  of l i g h t  
i s  d e f in e d  by two t h i n g s .  I t s  p e r i o d  of v i b r a t i o n  and i t s  
s t a t e  of p o l a r i s a t i o n . T o  th e  fo rm er  c o r r e s p o n d s  i t s  r e f r a n g -  
i b i l i t y  and a s  f a r  a s  th e  eye can judge i t s  c o l o u r . . . "
In  t h e  same y e a r  Thomson w r i t e s . . .
" . . .A ssu m e d  i n  t h i s  communication t h a t  t h e  u n d u l a t o r y  th o e r y  
of r a d i a n t  h e a t  and l i g h t , a c c o r d i n g  to  which th e  v i b r a t i o n s  
a r e  perform ed between c e r t a i n  l i m i t s  of d u r a t i o n , i s  t r u e .
The chem ica l  r a y s  beyond th e  v i o l e t  end of th e  spec trum  c o n s i s t  
of u n d u l a t i o n s  of which th e  f u l l  v i s i b l e  v i b r a t i o n s  a r e  ex e cu te d  
i n  p e r io d s  s h o r t e r  th a n  th o s e  of th e  extreme v i s i b l e  l i g h t  or 
th a n  a b o u t  th e  e i g h t  hundred  m i l l i o n - m i l l i o n t h s  of a second .
The p e r io d s  of v i b r a t i o n  of v i s i b l e  l i g h t  l i e  b e tw e e n n th i s  
p o i n t  and a n o t h e r  ab o u t  doub le  a s  g r e a t ,  c o r r e s p o n d in g  to  
t h e  extreme v i s i b l e  r e d  l i g h t .  The v i b r a t i o n s  of th e  ob scu re  
r a d i a n t  h e a t  beyond th e  r e d  end a r e  ex e c u te d  i n  l o n g e r  p e r io d s  
th a n  t h i s .  The l o n g e s t  which has  ÿ e t  been e x p e r i m e n t a l l y  
t e s t e d  b e in g  aboiu tthe  e i g h t y  m i l l i o n -  m i l l i o n t h s  of a s e c o n d " . .
This  communication of Thomson’s s e t s  beyond a l l  d oub t  
th e  q u e s t i o n  of t h e  n a t u r e  of r a d i a n t  h e a t ,  and th e  view t h a t  
h e a t  r a d i a t i o n  formed a p a r t  of th e  sp e c t ru m  of which l i g h t  
was a n o t h e r  p a r t ,w a s  how g e n e r a l l y  a c c e p t e d ,  a s  thÈs q u o t a t i o n  
from L lo y d ' s "Theory of L i g h t " ( I8 8 7 ) s h o w s . . .
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I t  a,ppears t h e n ,  t h a t  s e n e i b i l i t y  of  t h e  eye i s  c o n f in e d  
between  much n a r r o w e r  l i m i t s  th a n  t h a t  of t h e  e a r .  The r a t i o  
of th e  extreme v i b r a t i o n s  which e f f e c t  th e  eye b e in g  on ly  
t h a t  of  1'5 8  : 1 . . .  There i s  no r e a s o n  t o  s u p p o s e t h a t  th e  
v i b r a t i o n s  th e m se lv e s  c o n f in e d  to  t h e s e  l i m i t s . . . "
A law h a v in g  an i n d i r e c t  b e a r i n g  on th e  s u b j e c t  was 
g iv e n  i n  18 5 6 , by Helm holtz  withjthe e n u n c i a t i o n  of  t h e  law of  
" R e c i p r o c i t y " , t6at^%&e l o s s  M  i n t e n s i t y  of  a r a y  of  d e f i n i t e
vs/Ken il" t S
c o l o u r  and p o l a r i s a t i o n  s u f f e r e d  by a  3pe-y t r a v e l l i n g  ' i n  one 
d i r e c t i o n  th ro u g h  a medium i s  e x a c t l y  e q u a l  t o  t h a t  s u f f e r e d  
by an e x a c t l y  s i m i l a r  r a y  t r a v e l l i n g  i n  th e  o p p o s i t e  d i r e c t i o n ,  
and p u r s u in g  th e  o p p o s i t e  p a t h . "
I t  was now t h a t  t h e  t h e o r e t i c a l  was e x te n d e d .  The
A
names a s s o c i a t e d  w i t h ^ a r e  A n g s t ro m ,B a l fo u r  S t e w a r t  and  H irc l i l io f f .  
In  1 8 5 5 , t h e  f i r s t  named s t a t e d  " t h a t  a g low ing  s u b s t a n c e  
must send o u t  a l l  t h e  l i g h t  which i t  a b s o r b s  a t  a low er  temp­
e r a t u r e " , w h i c h  s t a t e m e n t  i s  t h e  b e g in n in g  of P r é v o s t ’s t h e o r y  
c a r r i e d  f u r t h e r  some f o u r  y e a r s  l a t e r  by th e  o t h e r  two named.
In  1 8 5 9 , B a l f o u r  S t e w a r t  p u b l i s h e d  a p a p e r  e n t i t l e d "  t h e  
A b s o r p t io n  of a P l a t e  e q u a l s  i t s  R a d i a t i o n , a n d  t h a t  f o r  
e v e ry  d e s c r i p t i o n  of H e a t" ,  To e x p l a i n  t h i s ,  he  made th e  
a s su m p t io n  t h a t  i t  i s  a t  l e a s t  p o s s i b l e  f o r  a body t o  em it  
and  a b s o rb  th e  same w a v e len g th  a n d , more o v e r , t h a  t  i t  i s  p o s s i b l e  
f o r  a m i r r o r  t o  r e f l e c t  p e r f e c t l y  a l l  w a v e le n g th s ,  t h e  




"A more v i v i d  d e m o n s t r a t i o n  may be g iv e n  t h u s .  L e t  AB' ,
D BC,be tv/o c o n t ig u o u s  , e q u a l  and
s i m i l a r p p l a t e s  i n  t h e  i n t e r i o r  
of a s u b s t a n c e  of i n d e f i n i t e  e x t e n t ,  
k e p t  a t  a u n i fo rm  t e m p e r a tu r e .T h e  
ac cu m u la te d  r a d i a t i o n  from th e  
i n t e r i o r  im pinges  on th e  u p p e r  
p l a t e  ; l e t  us t a k e  t h e  p o r t i o n  v/hich f a l l s  on th e  p a r t i c l e s A  
i n  t h e  d i r e c t i o n  DA. This  r a y  i n  p a s s i n g  from A to  B w i l l  
have been p a r t l y  a b s o rb e d  by th e  s u b s t a n c e  between A and 3; 
b u t  t h e  r a d i a t i o n  of th e  u p p e r  p l a t e , b e i n g  e q u a l  t o  i t s  a b s o r b -  
t i o n  s i n c e  th e  t e m p e r a tu r e  rem a ins  t h e  s a m e , th e  r a y  w i l l  
have been J u s t  a s  much r e c r u i t e d  by th e  u n i t e d  r a d à à t i o n  of 
t h e  p a r t i c l e s  be tween A and B a s  i t  was d im i n i s h e d  by t h e i r  
a b s o r p t i o n .  I t  v / i l l  t h e r e f o r e  r e a c h  B w i th  t h e  same i n t e n s i t y  
a s  i t  had a t  A. But t h e  q u a l i t y  of t h e  r a y  a t  B w i l l  a l s o  
be t h e  same as  t h e  q u a l i t y  a t  A. For  i f  i t  were d i f f e r e n t  
t h e n  e i t h e r  a g r e a t e r  or l e s s  p o r t i o n  v/ould be a b s o rb e d  i n  
i t s  p a s sa g e  from B t o  C th a n  v/as a b s o rb e d  of t h e  e q u a l l y  
i n t e n s e  r a y  a t  A i n  i t s  p a s s a g e  between A and B. The amount 
of  h e a t  ab s o rb e d  by th e  p a r t i c l e s  between B and C would t h e r e ­
f o r e  be d i f f e r e n t  from th e  am oun taabso rbed  by th e  p a r t i c l e s  
between A and B. But t h i s  c a n n o t  be , f o r  on h y p o t h e s i s  of an 
eq u a l  and in d e p e n d e n t  r a d i a t i o n  of each  p a r t i c l e , t h e  r a d i a t i o n  
of t h e  p a r t i c l e s  be tween B and C i s  eq u a l  t o  t h a t  of t h e  p a r t i c ­
l e s  between A and B and t h e i r  a b s o r p t i o n  e q u a l s  t h e i r  r a d i a t i o n .
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Hence t h e  r a d i a t i o n  im p in g in g  ob B i n  t h e  d i r e c t io n D B  must 
be eq u a l  i n  q u a l i t y  as  v /e l l  a s  q u a n t i t y  t o  t h a t  im p in g in g  
on A and c o n s e q u e n t ly  t h e  r a d i a t i o n  of t h e  p a r t i c l e s  be tween
beA and B m us t^equa l  t o  th e  a b s o r p t i o n  a s  r e g a r d s  q u a l i t y  a s  w e l l  
a s  q u a n t i t y .  That i d  t h i s  e q u a l i t y  between r a d i a t i o n  and 
a b s o r p t i o n  must h o ld  f o r  e v e ry  d e s c r i p t i o n  of h e a t .
B a l f o u r  S t e w a r t  and K t r c h h o f f  i n d i v i d u a l l y  e x t e n â é è  
P r é v o s t ' s  t h e o r y  t o  i n c l u d e  th e  components of  t h e  r a d i a t i o n ^  
A -^s|y/e knov/,P r é v o s t  c o n s i d e r e d  t h e  e q u i l i b r i u m  of t h e  r a d i a t i o n  
a s  a whole and th o u g h t  n o th i n g  a b o u t  t h e  i n d i v i d u a l  com ponents .  
The f o l l o w in g  i s  an e x t r a c t  from th e  f o r m e r ' s  "E lem en ta ry  
T reoL ise  on H e a t " , c o n t a i n i n g , i n c i d e n t l y , o n e  of th e  f i r s t  r e f ­
e r e n c e s  t o  a c o n s t a n t  t e m p e r a tu r e  e n c l o s u r e ,  "We have
seen  t h a t  th e  s t r e a m  of r a d i a n t  h e a t  v/hich s t r i k e s  a the rm om eter  
i n  our  c o n s t a n t  t e m p e r a tu r e  e n c l o s u r e  i s  i n d e p e n d e n t  of b o th  
t h e  m a t e r i a l s  and th e  shape of th e  w a l l s  of t h e  e n c l o s u r e ,  
so t h a t  i f  t h e  i n s t r u m e n t  be c a r r i e d  from one p s r t  t o  a n o t h e r  
t h e r e  v / i l l  be no change t o  th e  r a d i a t i o n  f a l l i n g  upon i t .  
Something more i s  n e c e s s a r y  f o r  we must n o t  on ly  have th e  
q u a n t i t y  of  th e  h e a t  th e  same t h r o u g h o u t , b u t  t h e  q u a l i t y  of  
t h e  r ad ia t io n j ra u s t  a l s o  be th e  s a m e " , . .  . . ."Nov/ t h e  woM 
qu&iéy q u a l i t y  i s  h e r e  t a k e n  t o  d e n o te  any s p e c i f i c  p e c u l a r i t y  
w h e th e r  of v /ave leng th  o r  p o l a r i s a t i o n , w h i c h j b a u s es th e  
r a y s  t o  be d i f f e r e n t l y  a b s o rb e d  by any s u b s t a n c e , . . . "
" .  . .S u p p o se  o u t  the rm om ete r  i s  co v e re d  w i th  some s u b s t a n c e  
which d i s p l a y s  t h i s  s e l e c t i v e  a b s o r p t i o n  f o r  c e r t a i n  k in d s
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of h e a t , a n d  t h a t  we c a r r y  i t  a b o u t  fronjone p a r t  of t h e  e n c l o s ­
u r e  t o  a n o t h e r .  I t  w i l l  n o )  o n ly  be n e c e s s a r y  t h a t  th e  q u a n t i t y  
of  r a .d ia n t  h e a t  which  b e a t s  upon our  the rm om ete r  s h a l l  be th e  
same th ro u g h o u t  th e  e n c l o s u r e  i n  o r d e r  t h a t  t h e  i n s t r u m e n t  
may p r e s e r v e  i t s  c o n s ta n c y  of  t e m p e r a t u r e , b u t  t h e  q u a l i t y 
of th e  r a d i a t i o n  must be th e  same ; i f  i t  i s  n o t  we migh t  
suppose  t h a t  i n  one p l a c e  t h e  h e a t  i s  of a k in d  t h a t  i s  g r e e d ­
i l y  a b s o rb e d  bjc t h e  c o a t i n g  of th e  b u l b , a n d  t h a t  f o r  a n o t h e r  
p l a c e , i t  i s  of t h e  k in d  t h a t  i s  r e f l e c t e d  back from t h i s  c o a t ­
i n g ;  t h u s , a l t h o u g h  th e  q u a n t i t y  of th e  h e a t  f a l l i n g  on th e  b u lb  
i n  b o th  p l a c e s  m ight  be th e  s a m e ,y e t  t h e  the rm om ete r  would 
a b s o rb  more injthe f i r s t  p lace j than  i n  t h e  s e c o n d ,a n d  i t s  co n s tan c ]  
of  t e m p e r a tu r e  would n o t  be o b s e r v e d . T h e re fo re  i t  i s  c l e a r l y  
n e c e s s a r y  tha .t  t h e  s t r e a m  of r a d i a n t  h e a t  which b e a t s  a g a i n s t  
th e  therm om eter  a s  i t  i s  c a r r i e d  a b o u t  th e  e n c l o s u r e  sh o u ld  
be th e  same a t  b o th  p l a c e s  a s  t o  q u a n t i t y  and q u a l i t y . . . "
" . . . S u c h  a s u r f a c e  ( c o a t i n g  of th e  the rm om eter)  must n o t  on ly  
g iv e  back a s  much a s  i t  w i thd raw s  by a b s o r p t i o n , b u t  what i t  
g iv e s  bac% must be of t h e  same q u a l i t y  a s  i t  v ; i th d raw s" . . .
K i r c h h o f f ' s  t r e a t m e n t  v/as m a th e m a t i c a l .  His r e s u l t  
was expressed]ln  t h e  form of  a w e l l  known law,named a f t e r  him, 
namely : -
, 4  =E
where e__is t h e  e m i t t i n g  power of a s u r f a c e ,  a t h e  a b s o r b i n g
power of t h e  same s u r f a c e ,  tha . t  i s  t o  s a y ,  e means t h e  q u a n t i t y ^  M
e m i t t e d  froirJ?, g iv e n  s u r f a c e  o r  volume of u n i t  a r e a  i n  u n i t  j
t im e  i n  c e r t a i n  d i r e c t i o n s , a means t h e  r a t i  oof t h e  h e a t  a b -
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so rb e d  t o  th e  t o t a l  q u a n t i t y  f a l l i n g  on th e  same s u r f a c e  i n
j
th e  same t im e and a t  t h e  same t e m p e r a t u r e , a n d  E th e  e m i t t i n g  
power of a p e r f e c t l y  " b l a c k " s u r f a c e  o r  volume a t  t h e  same |
t e m p e r a t u r e .
These two i n v e s t i g a t o r s  were p ro b a b ly  t h e  f i r s t  tb  
r e a l i s e  th e  s i g n i f i c a n c e  of r a d i a t i o n  itv e q u i l i b r i u m  i n s i d e  
a c o n s t a n t  t e m p e r a tu r e  e n c l o s u r e  and th e  f a c t  t h a t  t h i s  
r a d i a t i o n  does n o t  d i s p l a y  th e  s e l e c t i v e  p r o p e r t i e s  which 
t h e  r a d i a t i o n  form a m a t e r i a l  body d i s p l a y s .  I t  m igh t  be 
t h o u g h t  t h a t  t h i s  r e a l i s a t i o n  m igh t  c a l l  f o r  a s p e c i a l  p a p e r  
on th e  s u b j e c t  from one of them, b u t  we have been u n a b le  to  j
f i n d  any such  e v id e n c e ,  and th e  i n f e r e n c e  i s  t h a t  a l t h o u g h  I
j
t h e y  r e a l i s e d  t h e  im p o r ta n ce  of  th e  c o n s t a n t  t e m p e r a tu r e  '
e n c l o s u r e ,  th e y  d i d  n o t  r e a l i s e  t h a t  th e  d i s t r i b u t i o n  i>f 
e n e r g i e s  among t h e  d i f f e r e n t  f r e q u e n c i e s  was so i m p o r t a n t .
I t  was B a l f o u r  S t e w a r t  v/ho i n  18 7 1, s u g g e s te d  t h a t  
movement i n s i d e  such  an  e n c l o s u r e , t h e  v /a l l s  of which a r e  main­
t a i n e d  a t  th e  same t e m p e r a tu r e  t h r o u g h o u t , would p roduce  a 
"Doppÿer" e f f e c t , b u t  he d id  n o t  work o u t  h i s  s u g g e s t i o n ,  
and i t  v/as l e f t  t o  V/ien,as we s h a l l  s e e , t o  make u se  of  t h e  
i d e a ,
The work of t h e s e  two p e o p l e , B a l f o u r  S t e w a r t  and 
K i r c h h o f f , l e a d  t o  f u r t h e r  s t u d i e s  of r e l a t i o n s h i p s  between 
r a d i a t i o n  and t e m p e r a t u r e .  Working on t h e  r e s u l t s  o b t a in e d  
by T yn d a l l  on th e  e m is s io n  of r a d i a t i o n  f fom  h o t  v / i r e s , S t e f a n  
found tha . t  t h e  h e a t  g iv e n  o u t  was ( ro u g h ly )  p r o p o r t i o n a l  to
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t h e  f o u r t h  power of t h e  t e m p e r a tu r e  d i f f e r e n c e ,  be tween 
t h e  w i r e s  and th e  s u r r o u n d i n g s .  This  e m p i r i c a l  d i s c o v e r y  
was made i n  I 8 7 I .
In  1873= , Maxwell deduced t h o e r e t i c a l l y  t h e  e x i s t e n c e  
of " r a d i a t i o n  p r e s s u r e " ,  t h a t  i s  v/hen r a d i a t i o n  f a l l s  on a 
s u r f a c e ,  i t  e x e r t s  a p r e s s u r e .  This  p r e s s u r e  was n o t  e x p e r ­
i m e n t a l l y  d e m o n s t r a te d  u n t i l  I 9OO,v/hen i t  was obse rv e d  and 
measured by N i c h o l l s  and H u l l , a n d  by Lebede#^$:n t h e  fo l lo v / -  
i n g  y e a r ,  th e  t a n g e n t i a l  p r e s s u r e  m easured  by P o y A t in g ,an d  
o t h e r s .  A t te m p ts  had  been made lo n g  b e f o r e  t h i s  th  d e t e c t  
t h e  p r e s e n c e  of a l i g h t  p r e s s u r e .  As e a r l y  a s  1753( i . e .  
b e f o r e  P r é v o s t ’s t im e)  a t t e m p t s  were made tb  d e m o n s t r a t e  i t  
when^Lhe e x p e c te d  p r e s s u r e  would have been a t t r i b u t e d  t o  t h e  
a r r e s t i n g  of t h e  c o t p u s c l e s  of l i g h t .
In  \S*JS a. v e ry  i m p o r t a n t  p i e c e  of work wr s done by Barjsoli  
who s u g g e s te d  t h a t  th e  e q u i l i b r i u m  r a d i a t i o n  sh o u ld  be used  
a s  t h e  w o tk ing  s u b s t a n c e  i n  a C a rn o t  c y c l e .
The y e a r  1884 was a v e ry  i m p o r t a n t  b n e , f o r  i t  marked th e  
t a k i n g  up of th e  s u b j e c t  by Boltzmann,who a p p l y i n g  th e  methods 
u sed  by B a r t o l i ( i . e .  u s i n g  r a d i a t i o n  a s  t h e  v/orking s u b s t a n c e  
of a C a rn o t  c y c l e )  deduced t h e o r e t i c a l l y  th e  lav/ ob se rv ed  
by SteDhan. This  law and th e  e x p e r i m e n ta l  d e t e r m i n a t i o n  of 
th e  c o n s t a n t  have been|uhe s u b j e c t  of much e x p e r i m e n t a l  v/ork. 
The f i r s t  v e r i f i c a t i o n s  were c a r r i e d  o u t  i n  1897 ,by Lumner 
and D r in g sh e im , and th e  f i r s t  d e t e r m i n a t i o n  bf  t h e  c o n s t a n t  
i n  1 8 9 8 , by Kurlbaum,
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S in ce  th e n ,  many i n v e s t i g a t S e l e  have worked on th e  law .  T h e i r  
work w i l l  be d e s c r i b e d  l a t e r .
In  18 9 3 , a b i g  s t e p  tow ards  t h e  s o l u t M n  of  t h e  problem 
was made by Wien, Yforking on th e  s u g g e s t i o n  of  B a l f o u r  S t e w a r t ,  
t h a t  movement i n s i d e  a c o n s t a n t  t e n p e r a t u r e  e n c l o s u r e  would 
p roduce  a D oppler  e f f e c t , W i e n  c a l c u l a t e d  th e  e f f e c t  t h a t  a 
" r e v e r s i b l e "  ex p an s io n  of t h e  c o n s t a n t  t e m p e r a tu r e  e n c l o s u r e  
would p roduce  on th e  c o n s t i t u t u e n t s  of t h e  r a d i a t i o n  w i t h i n ,  
and found t h a t  each  i n d i v i d u a l  w av e le n g th  would be c h a rg e d ,  
by r e f l e c t i o n  a t  t .  e moving v / a l l s .  He found a l s o ,  t h a t  a f t o < r  
ex p an s io n (  r e v e r s ib le ^ ^ ,  t h e  r a d i a t i o n  rem ained  f u l l ,  o r  b l a c k -  
body r a d i a t i o n , c o r r e s p o n d i n g  to  a d i f f e r e n t  t e n p e r a t u r e  of  
th e  w a l l s  of th e  e n c l o s u r e .  He o b t a i n e d t h e  e x p r e s s io n
E^-àX = )S^ .F (X .T ) d X
where i s  t h e  r a d i a n t  ene rgy  i n  th e  sm a l l  ran g e  of f r e ­
q u e n c ie s  \ t o  (\-t-d\ ) ,  \ b e i n g  th e  w a v e le n g th ,a n d  T i s  t h e  tem­
p e r a t u r e ,  measured on th e  K e lv in  w o r k - s c a l e .  From th b s  he
deduced t h a t  i f  I s  to  be a maximum, f o r  a p a r t i c u l a r  f r e q -
M \ weremaxi and T ^ h e  c o r r e s p o n d in g  t e m p e r a t u r e ,  th e n
(t , \ ^ - x) must be a u n i v e r s a l  c o n s t a n t .
The form of  th e  f u n c t i o n  F , he was u n a b le  to  d e t e rm in e  from
therm odynam ical  c o n s i d e r a t i o n s ,  b u t  i n  18 9 6 , he p u b l i s h e d  a
p a p e r  i n  which he made a r b i t a r y  a s s u m p t io n s  a s  to  t h e  n a t u r e
of t h e  p r o c e s s e s  by which r a d i a t i o n  was e m i t t e d , a n d  o b ta in e d
a form f o r  th e  f u n c t i o n  F. He assumed t h a t  \ ,  t h e  v /ave leng th
of th e  r a d i a t i o n  e m i t t e d  by a m o lecu le  moving a b o u t  v / i th in  th e  
c o n s t a n t  t e m p e r a tu r e  e n c l o s u r e  t o  be a f u n c t i o n  of t h e  v e l o c i t y
2 0 .
of th e  m o le c u le ,V ,a n d  t h a t  E ^  was p r o p o r t i o n a l  t o  th e  number 
of m o le c u le s  whose v e l o c i t i e s  were between v and ( v t  d v ) .
Using  th e  c l a s s i c a l  e x p r e s s io n  f o r  th e  d i s t r i b u t i o n  of  v e l o c i t i e s  
Wien found t h a t
Rubens and Kurlbaum ex ten d ed  t h e  p r a c t i c a l  i n v e s t i g a t i o n s  
of Lummen and P r in g sh e im  to  th e  i n f r a  r e d  r e g i o n s ,  and i t  was 
shovm t h a t  a l t h o u g h  th e  fo rm u la  h e l d  f o r  w av e len g th s  l e s s  
th a n  a c e r t a i n  v a l u e ,  t h a t  i t  was n o t  t r u e  f o r  g r e a t e r  v a l u e s  
th a n  t h i s .
R a y le ig h ,  u s i n g  s t a t i s t i c a l  m ethods,  and a p p l y i n g  th e  
p r i n c i p l e  of  e q u i p a r t i t i o n  of energy(  t h a t  i s ,  i f  we have a 
system  of p a r ÿ i c l e s  , e a c h  w i th  one o r  more d e g r e e s  of ‘freedom , 
th e n  th e  f i n a l  s t a t e  of ene rgy  e q u i l i b r i u m i  i s  one f o r  which 
th e  k i n e t i c  ene rgy  i s  e q u a l l y  d i v i d e d  betv/een th e  d e g r e e s  of  
f re e d o m ) .  On th e s e  a s s u m p t io n s ,  R a y le ig h  deduced a d i f f e r e n t  
d i s t r i b u t t o n  of ene rgy  i n  th e  sp ec t ru m ,  namely t h a t
E^d =8ïïkT3\ ^ .d
I f  t h e  a e t h e r  i s  supposed  t o  have a p e r f e c t l y  c o n t in u o u s  s t r u c t ­
u r e ,  th e n  can be made t o  a p p ro ac h  to z e r o ,  and  a s  ?| —^  0,  i
E;^  v / i l l  te n d  v e ry  r a p i d l y  to  i n f i n i t y .  Thus^as R a y le ig h  
a p p r e c i a t e d ,  t h e  ene rgy  w i l l  be d i s t r i b u t e d  among th e  s h o r t e r
v /avslenghhs ,  and E^ w i l l  ^  w i th o u t  shov/ing a maximum
v a l u e  a s  e z p e r im e n t  i n d i c a t e d  t h a t  i t  s h o u ld .  Thus t h e  en e rg y  
sh o u ld  be d i s t r i b u t e d  i n  th e  s h o r t e r  w a v e le n g th s .
This  e x p r e s s i o n  shows no maximum, and J e a n s  s u g g e s te d
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tha . t  t h e  fo rm u la  sh o u ld  on ly  r e p r e s e n t  th e  s t a t e  of a f f a i r s  
i n  e q u i l i b r i u m .  The e q u i l i b r i u m  i s  r e a c h e d  he supposed  , 
o n ly  a t  th e  i n f i n i t e l y  s low r a t e  ( t h a t  i s , i t  t a k e s  an i n f i n i t e  
t im e  to  be e s t a b l i s h e d  ) .  This  view d i d  n o t  t e  seem to  be 
e x p e r i m e n t a l l y  s u p p o r t e d ,  a s  th e  e x p e r i m e n ta l  ag ree m en t  w i t h  
d i f f e r e n t  " b l a c k - b o d i e s "  v/as p e r f e c t .
Then, i n  1900,came P l a n c k , o f  whom i t  may a lm o s t  be 
s a i d  t h a t  he gave th e  f i n a l  word on f u l l  r a d i a t i o n .  I t  m igh t  
w i th  equa l  t b u t h  be s a i d ,  t h a t  he gave th e  f i r s t  word on th e  
s u b j e c t ,  so im p o r t a n t  have p roved  h i s  a s s u m p t io n s .
R e a l i s i n g  t h a t  t h e  c o r r e c t  gormula must be one which 
ap p ro x im a ted  to  W ien 's  f o r  s h o r t  w av e len g th s  ( t h a t  i s  , sm a l l  
v a l u e s  of(4T)  ) ,  and t o  R a y l e i g h ' s  f o r  lo n g  w a v e le n g th s ,  he 
s e t  o u t  to  f i n d  a fo rm u la  which would do t h i s .  For  some 
y e a r s  p r e v i o u s l y , he had been t r y i n g  to  d e t e rm in e  th e  form of  
t h e  f u n c t i o n  F ,b y  some new a s su m p t io n s  a s  t o  t h e  n a t u r e  of 
t h e  i n t e r a c t i o n  between " o s c i l l a t o r s "  and th e  r a d i a t i o n .
He c o n s id e r e d  t h e  p o s s i b i l i t y  of th e  o s c i l l a t o r  b e in g  a b l e  to  
e x e r t  ai " i r r e v e r s i b l e "  a c t i o n  on th e  r a d i a t i o n , ( m u c h  to  t h e  
c o n s t e r n a t i o n  of B o l tzm ann) .  In  t h e  c o u r s e  of h i s  w ork ,he  
had o c c a s io n  t o  dbe a f u n c t i o n , 8 ,  g iv en  b y : -
1 =
where j6 i s  t h e  e n t ro p y  and E th e  en e rg y .
He worked o u t  th e  v a l u e  of S f o r  R a y l e i g h ' s  and  W ien 's  formula^
From Wien,namely E% = A v/here A=
he ob ta in ed S  S, = -S .B  ^  a b L l u t e  temp.
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and from R a y l e i g h ' s  fo rm u la ,
E = C.T. where C
he g o t
i s  c o r r e c t  f o r  s h o r t  wave l e n g t h s , i . e .  S i s  p r o p o r t i o n a l
2t o  E, and  f o r  lo n g  w a v e le n g th s , i . e . 8 p r o p / l  to  E .
P lan ck  added th e  two v a l u e s  f o r  8,  t h i n k i n g  t h a t  f o r  sm a l l
2e n e r g i e s ,  t h e  E te rm  would be n e g l i g i b l e ,  and f o r  l a r g e  
e n e r g i e s ,  E"^  would be more i m p o r t a n t  th a n  i n  t h e  fo rm u la  than  
E, and th u s  t h e  v a l u e  t e n d  t o  8p. 
hence  8 (P la n ck )  =Sp = 
t h a t  i s
= - - -Q
dE"" BCE
which g iv e s
E = B C = b . c
B / f  b / \ T
e -1 e -1
where t h e  c o n s t a n t s  have th e  v a l u e s  s t a t e d  
p r e v i o u s l y .  P la n c k  now had to  f i n d
some " p h y s i c a l  b a s i s "  f o t r t h e  a d o p t io n  of t h i s  f o rm u la ,  v/hich 
was v e r f i e d  as  e x p e r i m e n t a l l y  c o r r e c t .  He supposed  t h a t  t h e  
r a d i a t i n g  body c o n s i s t e d  of a l a r g e  number of  " d i p o l e  o s c i l l ­
a t o r s " ,  each  w i t h  i t s  ov/n p e r i o d  of v i b r a t i o b .  K i r c h o f f ' s  
law i n d i c a t e s  , t h a t  th e  n a t u r e  of t h e  body i s  im m a t e r i a l  to  
n a t u r e  of t h e  r a d i a t i o n , a n d  sx> P lan ck  chose  t h e  s i m p l e s t  possible 
form of o s c i l l a t o r ,  namely a"s i in j) le  harm onic  one" .  By a d o p t ­
in g  th e  view t h a t  th e  s m a l l e s t  q u a n t i t y  of e n e rg y  which co u ld  
t a k e  p a r t  i n  t h e  p r o c e s s  of e m is s io n  o r  a b s o r p t i o n  was h))
(where I /) /  i s  t h e  p e r i o d  of t h e  v i b r a t o r ) ,  so tha .t  energy.
2 3 .
i n t e r c h a n g e s  took  ;c^ace on ly  i n  i n t e g r a l  mult ipples of th e  
q u a n t i t y  h V ,P lan ck  worked o u t  t h e  most l i k e l y  d i s t r i b u t i o n  o f  
t h e  v i b r a t o r s  from s t a t i s t i c a l  c o n s i d e r a t i o n s , and by 
a s s o c i a t i n g  w i th  t h i s  s t a t e , t h e  c o n d i t i o n  of maximum e n t ro p y  
% B o l tz m a n n 's  l a w ) , he succeeded  i n  o b t a i n i n g  th e  fo rm u la  f o r  
t h e  energy  d i s t r i b u t i o n  of th e  sp ec t ru m  of a f u l l  r a d i a t o r .
This id e a  of q u an ta  was ex ten d ed  by E i n s t e i n  who co n ­
s i d e r e d  l i g h t  as  b e in g  made up of "b u n d le s  of energy"  or  l i g h t  
q u a n t a .  On t h i s  b a s i s , h e  e x p l a i n e d  c e r t a i n  p h o t o - e l e c t r i c  
phenomena. The compromise b e tw e e n o th i s  " e n e rg y  bund le"  t h e o r y ,
( which seemed t o  be a r e v e r s i o n  t o  t h e  c o r p u s c u l a r  t h e o ry )  
and th e  "w ave - theo ry"  was made by de B r o g l i e  v/ho im agined  
th e  q u an ta  a s  b e in g " g u id e d  by th e  waves " i n  some v/ay. Out 
of t h i s  c o n c e p t io n  of de B r o g l i e  grew th e  modern "Wave ‘'e.Rv niC: 
M e ch an ic s " .
P a r t  Two ,
The THEORY OF FUEL RADIATION
The n o t i o n  o f  f u l l  r a d i a t i o n  o r i g i n a t e d , ( as t h e  te rm  
” h la c k -h o d y  r a d i a t i o n ” s u g g e s t s ) ,  i n  t h e  s tu d y  o f  s u r f a c e s  
which lo o k  b l a c k .  I t  was e a r l y  d i s c o v e r e d  t h a t  s u r f a c e s  which 
lo o k  b l a c k  a r e  good e m i t t e r s  and good a b s o rb e r s  -  t h a t  i s  
t o  say th e y  emit  r a d i a t i o n  c o p io u s ly  i n  t h e  form o f  e l e c t r o ­
m agne t ic  waves and th e  en e rg g  f a l l i n g  on them i n  t h e  form 
o f  t h e s e  waves i s  c o m p le te ly  ab so rb ed  and c o n v e r t e d  i n t o  
h e a t .  I t  was e x p e r im e n tà l l y  n o t i c e d ,  t h a t  however b l a c k  a 
s u r f a c e  a p p e a red  t o  th e  eye ,  i t  d i d  n o t  %baorb q u i t e  c o m p le te ­
l y  a l l  t h e  r a d i a t i o n  which f e l l  upon i t  and hence  a r o s e  t h e  
q u e s t i o n  o f  hocj to  make a s u r f a c e  which would abso rb  a l l  th e  
i n c i d e n t  r a d i a t i o n .  This  was u l t i m a t e l y  ach ieved  by t h e  
d e v ic e  o f  an e n c lo s u r e  w i th  a s m a l l  o r i f i c e .  R a d i a t i o n  f a l l i n g  
on t h i s  o r i f i c e ,  w i l l  pass  th ro u g h  i t  i n t o  t h e  e n c l o s u r e ,  where 
i t  w i l l  be r e f l e c t e d  many tmmes a t  t h e  w a l l s  o f  t h e  e n c lo s u r e  
and a t  each  r e f l e c t i o n ,  i t  w i l l  be p i i r t l y  ab so rb ed  and 
p a r t l y  r e f l e c t e d ,  so t h a t  any o f  i t  which does s t r i k e  t h e  o r i f -  i 
i c e  a g a in  w i l l  be greatly  red u ce d  i n  i n t e n s i t y , -  t o  the  v a n i s h i n g  
p o i n t  i f  t h e  d im ensions  o f  t h e  o r i f i c e  a re  s m a l l  by com par ison  
w i th  t h e  s i z e  o f  t h e  w a l l s .  I n  such  a c a s e ,  t h e r e f o r e ,  a l l  
t h e  e l e c t r o m a g n e t i c  r a d i a t i o n  which p a s s e s  t h e  ” s u r f a c e ” - 
s h a l l  we aay th e  p la n e  s u r f a c e  bounded by t h e  p e r i p h e r y  o f  
t h e  o r i f i c e  -  a l l  t h i s  r a d i a t i o n  w i l l  be c o m p le te ly  c o n v e r t e d
i n t o  h e a t ,  i n  o t h e r  words,  co m p le te ly  ab s o rb e d .
When t h e  o r i f i c e  i s  v e r y  s m a l l ,  i t  i s  r e a s o n a b l e  t p  s u p p o se  
t h a t  t h e  s t a t e  o f  t h e  r a d i a t i o n  i s  t h e  same, w i t h i n  t h e  
e n c l o s u r e ,  as  i t  would be i f  t h e  e n c l o s u r e  were c o m p l e t e l y  
c l o s e d .
Our a r t i f i c i a l  ”b l a c k  s u r f a c e " ,  i f  we may be p e r m i t t e d  so 
t o  c a l l  i t ,  w i l l  r a d i a t e  i n  v i r t u e  o f  t h e  t e m p e r a t u r e  o f  t h e  
w a l l s  o f  t h e  e n c l o s u r e .  We a r e  e x t r e m e l y  i n t e r e s t e d  i n  t h i s  
r a d i a t i o n  -  t h e  r a d i a t i o n  f rom an e n c l o s u r e  e v e ry  p a r t  o f  t h e  
w a l l s  o f  viThich m a i n t a i n e d  a t  t h e  same t e m p e r a t u r e .  Suppose
t h a t  t h e  r a d i a t i o n  ca n n o t  g e t  i n t o  o r  o u t  o f  t h e  e n c l o s u r e .  
Then a s t a t e  o f  e q u i l i b r i u m  i s  s e t  up w i t h i n  i t ,  e q u i l i b r i u m  
b e tw e e n  t h e  w a l l s  and t h e  r a d i a t i o n .
We c a n  Bompare t h i s  e n c l o s u r e  v ; i th  a  m a t e r i a l  e n c l o s u r e
■5’o'^ e ryifd'On/i
c o n t a i n i n g  m a t e r i a l ^ -  a  g a s  f o r  exam ple .  T h is  g ia t e r i-a l  sn^ l ro s -  
w ould  be e x c h a n g in g  e n e rg y  c o p i o u s l y  w i t h  t h e  w a l l s  o f  t h e  
e n c l o s u r e  -  g i v i n g  and r e c e i v i n g  e n e rg y  t o  and from them .
We caiSr s u b j e c t  t h e  g as  i n  t h e  e n c l o s u r e  t o  ch a n g es  o f  t e m p e r ­
a t u r e  and volume and i f  we make t h e  changes  so  s lo w ly  t h a t  a t  
any i n s t a n t  t h e  gas  may be c o n s i d e r e d  as b e i n g  i n  a  s t a t e  o f  
e q u i l i b r i u m ,  t h e n  we s a y  t h a t  we have made t h e  c h a n g e s  " r e v e r s -  
ib j ty " .  I f  we a l lo w  no h e a t  t o  g e t  i n t o  o r  ou t  o f  t h e  e n c l o s u r e  
d u r i n g  s u c h  a r e v e r s i b l e  c h a n g e , we sa ÿ  t h a t  t h e  g as  h a s  u n d e r ­
gone a  r e v e r s i b l e  a d i a b a t i c  c h a n g e .  I f  we m a i n t a i n  t h e  enclosure  
a t  t h e  same t e m p e r a t u r e  t h r o u g h o u t  t h e  d h a n g e , we sa y  i t  i s  
i s o t h e r m a l  and r e v e r s i b l e .  I n  an  e x a c t l y  co m p a rab le  waÿ, v/e
s a ÿ  t h a t  t h e  r a d i a t i o n  has  u n d e rg o n e  a  r e v e r s i b l e  i s o t h e r m a l  
change i f  t h e  w a l l s  o f  t h e  e n c l o s u r e  a r e  a l lo w e d  t o  ex p a n d ,
and a r e  m a i n t a i n e d  a t  t h e  same t e m p e r a t u r e ;  and a r e v e r s i b l e  
a d i a b a t i c  change  i f  no h e a t  i s  a l l o w e d  t o  gaès i f i rom  t h e  w a l l s  
t o  t h e  r a d i a t i o n ,  o r  v i c e  v e r s a .  We c a n ,  m o re o v e r ,  a p p ly  t h e  
two laws o f  the rm odynam ics  t h  t h e  r a d i a t i o n ,  and i n  t h e  s t a t e  
o f  e q u i l i b r i u m  we say  t h a t  t h e  e n t r o p y  o f  t h e  r a d i a t i o n  i s  a 
maximum. The c h i e f  d i f f e r e n c e  b e tw e en  t h e  gas  e n c l o s u r e  and 
t h e  one c o n t a i n i n g  r a d i a t i o n ,  i s  co n c e rn ed  w i t h  t h e  i n t e r n a l  
e n e rg y  o f  t h e  r a d i a t i o n .  For  a  p e r f e c t  g a s ,  t h e  i n t e r n a l  e n e r ^  
r e m a in s  c o n s t a n t  d u r i n g  a r e v e r s i b l e  i s o t h e r m a l  c h a n g e .  T h a t  i s  
t o  s a y ,  t h e  t o t a l  i n t e r n a l  en e rg y  i s  i n d e p e n d e n t  o f  t h e  volume 
o f  t h e  e n c l o s u r e .  I n  t h e  c a s e  o f  t h e  r a d i a t i o n ,  t h e  t o t a l  
i n t e r n a l  e n e rg y  i s  changed  by a r e v e r s i b l e  i s o t h e r m a l  change 
i n  vo lum e,  b u t  hhe energy/- p e r  u n i t  v é lum e r e m a in s  t h e  same.
T h i s  amounts t o  s a y i n g  t h a t  t h e  en e rg y  d e n s i t y  i s  indepenàLert  
o f  t h e  volume o f  t h e  e n c l o s u r e ,  and i s  dependan t :  on t h e  
t e m p e r a t u r e  o f  t h e  w a l l s  o f  t h e  e n c l o s u r e  o n ly .  Thus i n  a p p l y ­
i n g  t h e  lav/s o f  th e rm odynam ics  t o  r a d i a t i o n ,  we w r i t e  f o r  t h e  
t o t a l  i n t e r n a l  e n e r g y ,  U, U ' ^  u .V
where  u  i s  t h e  en e rg y  d e n s i t y  c^and V i s  t h e  volume o f  f  
t h e  e n c l o s u r e .
The en e rg y  d e n s i t y  i s  d e f i n e d  t h u s ;  -  The energy/ i n  a 
s m a l l  volume e lem e n t  s u r r o u n d i n g  t h e  p p i n t  i n  q u e s t i o n ,  
d i v i d e d  by t h e  volume o f  t h e  e l e m e n t , -  and u  i s  i n d e p e n d e n t  
o f  V.
We s h a l l  s e e  t h a t  t h e  a n a lo g y  b e tw e e n  t h e  r a d i a t i o n  e n c l o s ­
u r e  and t h e  s i m i l a r  one c o n t a k n i n g  a  g as  c a n  be pushed  f u r t h e r  
The gas  e x e r t s  a p r e s s u r e  on t h e  w a l l s  o f  t h e  v e s s e l ,  due t o
m
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t h e  c o n t i n u a l  hombardment o f  t h e  w a l l s  by t h e  m o l e c u l e s  o f  t h e  
g a s .  The m a g n i tu d e  o f  t h i s  p r e s s u r e  we s h a l l  s e e  i s  t w i c e  as 
g r e a t  as  t h a t  e x e r t e d  by t h e  r a d i a t i o n  on t h e  w a l l s .  T h is  l a t t e r  
we s h a l l  c a l c u l a t e  t o  be e q u a l  t o  one t h i r d  o f  t h e  e n e rg y  d e n s l y  
o f  t h e  r a d i a t i o n .  R ecen t  d e v e jo p m e n ts  have  b r o u g h t  ou t  t h a t  t h e  
p a r t i i z l e s  o f  v/hich t h e  r a d i a t i o n  i s  composed^ c a l l e d  " P h o to n s "  
move ab o u t  i n  t h e  e n c l o s u r e  c a r r y i n g  w i t h  them en e rg y  i n  a  v e r y  
s i m i l a r  way t o  t h a t  i n  w h ich  t h e  m é le c u l e s  o f  t h e  g as  .Garry <^ nerjy. 
I n  f a c t ,  r a d i a t i o n  i s  o f t e n  fe fe]^ed  t o  as  a  " P h o to n  G as" ,  and 
h a s  p r o p e r t i e d  v e r ÿ  s i m i l a r  t o  t h o s e  o f  a  gas  i n  a v e r y  
d e g e n e r a t e  s t a t e  .
S in e e  t h e r e  i s  t o  be c o m p le te  a b s o r p t i o n  a t  ou r
a r t i f i c i a l  b l a c k  s u r f a c e  -  t h a t  i s ,  t h e  s u r f a c e  bounded by t h e  
edge o f  t h e  o r i f i c e ,  -  i t  f o l l o w s  t h a t  t h e  medium on b o th  
s i d e s  o f  t h ^ o r i f i c e  must be t h e  same, o r  have  t h e  same 
o p t i c a l  p r o p e r t i e s .  Thus ,  i f  we want t h e  s u r f a c e  t o  be b l a c k  
w i t h  r e s p e c t  t o  w a t e r ,  we must  f i l l  t h e  e n c l o s u r e  v / i th  
w a t e r ,  and so  on .
We a r e  m a in ly  c o n c e r n e d  w i t h  t h e  r a d i a t i o n  i n  
v a c u o ,  a^nd g e n e r a l l y  we s h a l l  d e f i n e  B l a c k - b o d y  R a d i a t i o n  
as  -  " The R a d i a t i o n  f i l l i n g  a Vacuous E n c l o s u r e ,  t h e  W a l ls  




I n t en s i t y  o f  R a d i a t i o n .
The te rm  I n t e n s i t y  of  R a d i a t i o n  can he u sed  i n  two s e n s e s  
F i r s t l y ,  when as we a re  c o n s i d e r i n g ,  t h e  r a d i a n t  energy  i n  our  
e n c lo s u r e  i s  i s o t r o p i c ,  i f  u  he t h e  energy  d e n s i t y ,  t h e n  th e  
q u a n t i t y  o f  r a d i a n t  energy p e r  u n i t  volume t r a v e l l i n g  w i t h i n  
t h e  l i m i t s  o f  th e  u n i t  s o l i d  a n g l e ,  w i l l  he ; -
u  ,
Assuming, as we m ust ,  t h a t  t h e  r a d i a ­
t i o n  i s  i s o t r o p i c ,  t h e  amount w i t h i n  
t h e  l i m i t s  o f  t h e  s m a l l  s o l i d  an g le  d% 
w i l l  he :
u«dSl
4TT
Row suppose we c o n s id e r  a s u r f a c e  dS i n  t h e  e n c l o s u r e , ( see  f i g $ )
We can e a s i l y  g e t  an e x p r e s s i o n  f o r  t h e  energy  t r a v e l l i n g  w i th
v e l o c i t y  £  th ro u g h  th e  element dS, i n  t h e  se n se  i n d i c a t e d  hy the
arrow N, from one s i d e  o f  dS t o  t h e  o t h e r ,  and c o n f in e d ,  as
r e g a r d s  d i r e c t i o n s ,  t o  t h o s e  p a r a l l e l  to  th e  l i m i t s  o f  t h e
s o l i d  ang le  dSl . We c o n s t r u c t  on dS as h a s e ,  a c y l i n d e r , ahcd,
o f  l e n g t h  c . d t . E v id e n t ly  t h e  r a d i a t i o n  p a s s i n g  th ro u g h  dS,
h
i n  tine t im e d t , w i l l  he t h e  
amount w i t h i n  t h e  c y l i n d e r ,  
t h a t  i s ,  t h e  p ro d u c t  o f  
( ^ o u n t  p e r  u n i t  volume) • (volikmej
dS.tos &
  0- d t
f i g u r e  ( ^ ) 
t h a t  i s
u.d$l. c , d t , d 8 , c o s  © 
4ir
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The amount o f  r a d i a t i o n  p a s s i n g  th r o u g h  a s u r f a c e  dS, 
i n  t h e  d i r e c t i o n s  i n c l u d e d  w i t h i n  d cÆ i n  t h e  t im e  d t , i s  
p r o p o r t i o n a l  t o  : -  dv/i, d t ,  dS cos e .  I f  we c a l l  t h i s  
f a c t o r  o f  p r o p o r t i o n a l i t y  1 ?,  we may w r i t e  f o r  t h i s  amount,
(3 ) I t , c o s  # ,  dSS. dÆ* d t
and i f  we e q u a te  t h i s  t o  ( 2 ) ,  i t  f o l lo w s  t h a t  I» i s
(4) 1  ^ z.
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T h is  I t  i s  one o f  t h e  two q u a n t i t i e s  which a r e  c a l l e d  
t h e  I n t e n s i t y  o f  R a d i a t i o n
The o t h e r  q u a n t i t y  so c a l l e d ,  i s  o b t a i n e d  from t h e  t o t a l  
q u a n t i t y  p a s s i n g  t h r o u g h  dS, i n  t h e  s e n s e  i n d i c a t e d  by R, i n  
t h e  t im e  d t , i n  a l l  d i r e c t i o n s .  Th is  i s  g o t  by i n t e g r a t i n g  
o v e r  t h e  a p p r o p i a t e  l i m i t s ,  where
dJL 2: s i n  e . d e .  d0
where e v a r i e s  from 0 t o
0 " 0 t o  2 '^
Tha t  i s ,  t h e  t o t a l  q u a n t i t y  p a s s i n g  t h r o u g h ,  i s  
(3)  I * , d 8 , d t ,  / /  cos e . s i n  e , d e ,  d 0 .
I f  we w r i t e  t h i s  q u a n t i t y  as
(7) ' I , d S . d t ,
Then, i n t e g r a t i n g  (3 ) and e q u a t i n g  i t  t o  ( 7 ) ,  i t  f o l lo w s  t h a t
(8) tt, I t -  I
b u t ,  s i n c e  1  ^ i s  u . C /  ( s e e  ( 4 0 . )
(9 ) t h e n ,  I  ^  n , c
4
T h is  q u a n t i t y  1 i s  a l s o  u s e d  as a measure  o f  t h e  I n t e n s i t y  
o f  R a d i a t i o n ,
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I f  however,  we a re  d e a l i n g  w i th  q u a n t i t i e s  which  do no t  
r e f e r  t o  t h e  r a d i a t i o n  as a whole,  bu t  t o  a p a r t i c u l a r  f r e q ­
uency V and a  s m a l l  range  o f  f r e q u e n c i e s  be tw een  V and Vi-dy  
( where d}J i s  so s m a l l  t h a t  t h e  d i f f e r e n c e  between y and V f d y  
may be n e g l e c t e d  by com parison w i th  }J i t s e l f ,  ) t h e n ,  s i n c e  i n  
our  e n c lo s u r e  we have a l l  f r e q u e n c i e s  from ze ro  t o  i n f i n i t y ,  
we d e f in r ,  t h e  i n t e n s i t y  f o r  a p a r t i c u l a r  f r e q u e n c y  y so  as 
t o  make
I t  -  /  I . t^dy  
(10) 0/*
I  -  /  I j . a y
where I j  and I^ a re  t h e  i n t e n s i t i e s  r e f e r i n g  t o  t h e  f r e q u e n c y
By an a lo g y  w i th  t h i s ,  we d e f i n e  t h e  d e n s i t y  f o r  a f r e q u e n c y  )/ 
g iv e n  
t o  be by
(11 ) 11 -  /  U jdy  -  4Tf.I'
o
hence  I '  c . /  u .dV
4TT -^0 ”
and 1\ z. c
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The energy  p e r  u n i t  volume between  t h e  l i m i t s  o f  w ave leng th
X and A dX , we d e f in e  so as t o  make
( 1 2 ) u  ^ dil - - E^ .^dA
(where E  ^ i s  t h e  energy d e n s i t y  so d e f i n e d .  The minus s i g n
merely i n d i c a t e s  tha t  V in c r e a s e s  as A d e c r e a s e s ,  and v i c e  vers^
We s e e ,  from e x p r e s s io n s  (11) and (1 2 ) ,  t h a t  as d y and dA
ap proach  z e r o ,  t h e  energy i n  t h e  range  a l s o  t e n d s  t o  z e ro .
This  i n d i c a t e s  t h a t  we cannot  have a  p u r e l y  monochromatic wave
c a r r y i n g  en e rg y ,  i . e . ,  we canno t  have l i g h t  which i s  e x a c t l y
monochromatic and th e  t r a n s f e r e n c e  o f  r a d i a n t  energy  by a
-nurelv p la n e  wave. Eouruer*s  a n a l y s i s  would i n d i c a t e  t h e  same 
^ t h i n g .
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E m is s io n  and A b s o rp t io n  o f  R a d i a t i o n .
( a ) .  S u r f a c e  E m iss io n  and A b s o r p t io n .
We s h a l l  b e g in  w i th  t h e  vacuous e n c l o s u r e ,  which has  e v e ry
p a r t  o f  t h e  boundary  a t  t h e  same t e m p e r a t u r e .  We may w r i t e
f o r  t h e  ( e l e c t r o m a g n e t i c  o r  r a d i a n t ) energy f a l l i n g  on some
e le m e n t ,d S ,  o f  t h e  boundary ,  i n  t h e  t im e  d t , and c o n f in e d  t o
t h e  l i m i t s  o f  d i r e c t i o n  in c lu d e d  w i t h i n  a s m a l l  s o l i d  an g le  dJ&
(12) u . d f l  . c . d t . d S  cos 0
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o r  I ' . d & . d t . d S  cos G ( see  e q u a t io n s  (2 )  and ( 3 ) . )
Of t h i s  e n e rg y ,  t h e  f r a c t i o n  a i s  ab so rb ed  by dS, w h i l e  t h e  
r e m a in d e r  r  i s  r e f l e c t e d ;  so t h a t  
(13) .d s i .d t  .d S .c o s  e z. a .  I I  dIZ.dt .dS cos e + r  dfi. d t  .dS cosa
We s h a l l  te rm  a t h e  a b s o r b i n g p ower  o f  t h e  s u r f a c e
and r  i t s  r e f l e c t i n g ”
Row, we have ,  by h y p o t h e s i s ,  a  s t a t e  o f  e q u i l i b r i u m ,  and 
t h e r e f o r e ,  t h e  amount o f  energy  r e p r e s e n t e d  by ( 1 2 ) w i l l  be 
l e a v i n g  dS, a lo n g  th e  d i r e c t i o n s  i n c lu d e d  w i t h i n  t h e  l i m i t s  dit 
i n  t h e  t im e  d t . Of t h i s ,  t h e  f r a c t i o n  r  has b een  r e f l e c t e d ,  
and th e  r e s t  e m i t t e d .  T h e re fo re  : -  
(14) 1 ' . d9,. d t . d8 cps e  ^  _ e .d ^ .d t .d S  cos 0 t  r . I ' . d & . d t . d S  cos G
where _e i s  t h e  e m i t t i n g  power o f  t h e  s u r f a c e
On comparing th e  e q u a t io n s  (13)  and ( 1 4 ) ,  we see  t h a t  
( 1 3 ) e ^  a . l *
This  r e s u l t  i s  s im ply  a c o n s e q u e n c e 'o f  t h e  a s su m p t io n  of
e q u i l i b r i u m .  I t  was f i r s t  g iv e n  by E i r c h h o f f .  Of c o u r s e ,  we 
might have d e f i n e d  t h e  r e f l e c t i n g  and a b s o rb in g  power i n  te rms 
o f  t h e  t o t a l  q u a n t i t y  a b s o rb e d ,  i n s t e a d ,  as we have done,  o f
e x p r e s s i n g  i t  i n  te rm s o f  t h e  f r a c t i o n s r  and a .  I n  t h i s  way,
we s h o u ld  g e t  A a . I
R -  r . I
( where R and A a re  t h e  r e f l e c t i n g  and a b s o rb in g  powers e x p r e s s e d  
i n  te rm s  o f  t h e s e  q u a n t i t i e s )
I n  such  a c a s e ,  E i r c h h o f f ' s  law becomes
e A.
However, i t  i s  more c o n v e n ien t  t o  d e f i n e  t h e  q u a n t i t i e s  i n  th e  
way v/e d e s c r i b e d  a t  f i r s t .
When t h e  s u r f a c e  i s  b l a c k  ; i n  o t h e r  words v/hen i t  a b s o rb s
c o m p le t e ly ,  r  i s  z e r p ,  and t h e  e q u a t i o n  ( 1 3 ) y i e l d s  : -
1 7 ) I :  -  a . l '
So t h i s  d e f i n i t i o n  o f  a b s o rb in g  power makes t h a t  o f  a b l a c k  
s u r f a c e  e q u a l  t o  u n i t y  .
I n  t h e  s p e c i a l  caue oi  a p e r f e c t  r e f l e c t i n g s u r f a c e ,  a i s  
z e ro  and we f i n d ,  as we sh o u ld  e x p e c t ,  t h a t  r  i s  u n i t y .
We l e a r n ,  f i n a l l y ,  from (1 3 ) ,  t h a t  f o r  a b l a c k  s u r f a c e ,
® ( t l a o k )  -
o r  w r i t i n g  E f o r  t h e  e m i t t i n g  pov/er o f  a b l a c k  s u r f a c e
(18) E I '
B u t ,  we know t h a t  f o r  a d e f i n a t e  t e m p e r a t u r e ,  E i s  c o n s t a n t
and t h e r e f o r e  i t  f o l lo w s  t h a t  th e  r q t i o
1 9 ) E m i t t in g  power o f  a s u r f a c e  _ ^
Absorbffing power o f  t h e  s u r f a c e
where ,  i n  ( 1 $ ) ,  E has  a c o n s t a n t  v a l u e ,  namely t h e  e m i t t i n g
power o f  a b l a c k  s u r f a c e .
(b) Body E m iss ion  and A b so rp t io n
We s h a l l  t r y  to  o b t a i n  and e x p r e s s io n  f o r  t h e 'b o d y '  
e m is s io n  and a b s o r p t i o n ,  ‘ t h a t  i s  to  s a y ,  th e  r. d i a n t  energy  
e m i t t e d  and absorbed  by a volume o f  t h e  medium u n d e r  c o n s i d e r ­
a t i o n ,  by working  on t h e  same l i n e s  as i n  t h e  p r e v io u s  case  o f  
s u r f a c e  e m is s io n  and a b s o r p t i o .
The r a d i a n t  energy t r a v e l l i n g  th ro u g h  th e  volume shown i n  
t h e  f i g u r e ,  w i l l  be p r o p o r t i o n a l  : - ( p e r  u n i t  t im e )
t h e  energy  d e n s i ty ;  - d^tj  -  and th e  volume.
I n  f a c t , we maÿ w r i t e  f o r  i t  : -  
(20) u.dÆ. dS cos 0 .  d l
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This  w i l l  be composed o f  two p a r t s  ; t h a t  e m i t t e d  by t h e
volume, and t h a t  s c a t t e r e d .  C a l l i n g  s_ t h e  c o e f f i c i e n t  o f
s c a t t e r i n g ,  and £  t h e  e m i t t i n g  power, we may w r i t e ,  as i n  t h e
p r e v io u s  vase  f o r  th e  s u r f a c e  : -  ( p e r  u n i t  t im e)
(21) e .d ^ .d S  cos 6 . d l .  + s . u . d5l.dS sos 6 . d l  ,i
41T
E q u a t in g  e x p r e s s io n s  (20) qnd (2 1 ) ,  we g e t  : -  
/u  \d 5 l .d 8 .c o s  e . d l  -  e . d ^ .d S . c o s  e . d l  + s /u  \ d i l . d S . c o s  0 . d l .
[ W  Utt/
(22) o r ,  w r i t i n g  B fo rZ uX  , and c a n c e l l i n g  o u t ,  we g e t
(4TrJ
(23) B -  e + s . #
S i m i l a r i l y ,  i f  a i s  t h e  a b s o rb in g  power o f  t h e  medium, 
t h e  e x p r e s s io n  (20) must be composed o f  t h e  p a r t  which i s  
a b s o rb e d ,  and t h a t  which i s  s c a t t e r e d .
T h e re fo re  u .  d$2. dS . cos 0 . d l  n  ( t  s ) . u4Ad8 cos G .d l  
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(24) i . e .  B zi a.B ^ s .B
From ( 2 3 ) and (2 4 ) ,  we g e t  : _
e a.B
(25) i . e  e - B
a
Suppose t h a t  s i s  ze ro ,  t h a t  i s  t o  s a y ,  t h e r e  i s  no s c a t t e r i n g  ) 
w i t h i n  t h e  medium. Then, from ( 2 4 ) ,  a i s  u n i t y  and th e  medium |I
i s  p e r f e c t l y  a b s o rb in g .  This i s  t h e  ca se  f o r  a p e r f e d t l y  b l a c k  | 
medium. I n  t h i s  c a s e ,  t h e n ,  as i n  t h e  p a r a l l e l  case  f o r  s u r f a c e  
em is s io n  and a b s o r p t i o n ,  we have ,  t h a t  t h e  abs o r b i n g  power 
o f  a b l a c k  medium i s  u n i t y . !
S u b s t i t u t i n g  th e  v a lu e  gero f o r  s i n  t h e  e q u a t io n  (23) t o  
g e t  t h e  e m i t t i n g  power o f  a b&ack medium, we g e t  : -
E — B
where as b e f o r e ,  E i s  t h e  e m i t t i n g  pov/er 6 f  a b l a c k  medium.
Bp. s u b s t i t u t i o n  f o r  B i n  ( 2 5 ) ,  we g e t
(26) e -  E
a
From th e  e x p r e s s io n s  ( I 9 ) and (2 6 ) ,  we have th e n ,  t h a t  
e m i t t i n g  power
  ----------------  ^  t h e  e m i t t i n g  power o f  a p e r f e c t
a b s o rb in g  power e m i t t e r .
- 4^'
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R a d i a t i o n  P r e s s u r e .
As we s a i d ,  when we were com paring  ou r  e n c l o s u r e  w i th  a 
s i m i l a r  one c o n t a i n i n g  a m a t e r i a l  g a s ,  t h e  r a d i a t i o n  e x e r t s  a 
p r e s s u r e  on t h e  w a l l s  o f  t h e  c o n t a i n i n g  v e s s e l  ( t h e  e n c l o s u r e )  
j u s t  as  t h e  gas e x e r t s  a  p r e s s u r e  on i ÿ s  surround$ng<b
L et  u s  c a l c u l a t e  t h e  m agn itude  o f  t h i s  p r e s s u r e .  We can  do 
t h i s  i n  two ways : -  e i t h e r  by c o n s i d e r i n g  t h e  components o f  t h e  
s t r e s s  t n n s o r  i n  t h e  e l e c t r o m a g n e t i c  f i e l d ,  ( c o n s i d e r i n g  t h e  
r a d i a t i o n  as an, e l e c t r o m a g n e t i c  waves), o r  by c o n s i d e r i n g  t h e  
change i n  momentum o f  t h e  p a r t i c l e s  on s t r i k i n g  t h e  w a l l s ,  
( c o n s i d e r i n g  t h e  r a d i a t i o n  as  a  p h o to n  g a s . )
B A________
I f  t  i s  t h e  component o f  t h e  t e n s  
which t h ^ i e d iu m  A e x e r t s  on t h e  medium
B i n  t h e  s e n s e  o f  d i r e c t i o n  i n d i c a t e d
by th e  ar row  R, t h e n  t  (m easu red  i nXX
L o r e n t z - H e a v i s i d e  u n i t s  f o r  empty space 
w i l l  be ; -- ( 4  - + ( 4  -
where E i s  the e l e c t r i c  i n t e n s i t y  
” H " " m a g n e t ic  "
2 .
F o r  i s o t r o p i c  r a d i a t i o n ,  t h e  av e ra g e  o f  E^ ( c a l l  ijf )
w i l l  be where E^ i s  t h e  a v e ra g e  o f  t h e  t o t a l  i n t e n s i t y
S i m i l a r i t y ,  E Bu 1# E
X  ^  2  __
and t h e r e f o r e  t ^  w i l l  be e q u a l  t o  E^ -  X
-  - j
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E p h | i s  t h e  en e rg y  d e n s i t y  o f  t h e  wa#e, and 
t h e r e f o r e  z: - ( ene rgy  d e n s i t y ) ^  -  x . u
3 3
whence t h e  p r e s s u r e ,  p^  y. u
3
C o n s i d e r i n g  t h e  p r e s s u r e  from t h e  p o i n t  o f  view o f  i t s  
b e i n g  due t o  t h e  bombardment o f  t h e  w a l l s  o f  tire c o n t a i n i n g  vessel 
by t h e  c o r p u s c l e s  -  j u s t  as t h e  w a l l s  o f  t h e  gas e n c l o a u r e  exp en. 
i e n c e  a  p r e s s u r e  -  t h e  k i n e t i c  t h e o r y  og g a s e s  shows t h a t  t h e  
m agn i tude  o f  t h i s  p r e s s u r e  i s
R.m.u^
where R i s  t h e  number o f  p a r t i c l e s  i n  t h e  u n i t  volume,
m i s  t h e  mass o f  t h e  p a r t i c l e ,  and u  i s  ( s h a l l  we s a y )  
t h e  X - component o f  t h e  v e l o c i t y ,  c ( ^  u ,v ,w )
F or  i s o t r o p i c  r a d i a t i o n ,  t h i s  p r e s s u r e  w i l l  be 
P n. l . E . m , ?
3
where  c^ i s  t h n  a v e ra g e  v a lu e  o f  c^ and
u" -  ^  -  1 . ^
3
The e x p r e s s i o n  R.m.c^ may be w r i t t e n  as R.W
w h e re ,  s i n c e  t h e  p a r t i c l e s  a r e  moving ab è u t  w i t h  v e l o c i t i e s  
o f  t h e  o r d e r  o f  t h a t  o f  l i g h t , we may saÿ  t h a t  t h e i r  ene rgy  i s  
E ZL m • c
and s i n c e  R i s  t h e  number p e r  u n i t  volum e,  R.E w i l l  be e q u a l  
t o  u  t h e  ene rgy  d e n s i t y .
T h e r e f o r e ,  p w i l l  be u
3
Thermodynamic C o n s i d e r a t i o n s .
The Bol tzm ann  Law.
By th e  a i d  o f  t h e  se co n d  law o f  the rm odynam ics ,  we can 
f i n d  an  e x p r e s s i o n  f o r  t h e  en e rg y  p e r  u n i t  volume o f  t h e  r a d i a i -  
t i o n  w i t h i n  ou r  e n c l o s u r e , ( ev e ry  p a r t  o f  t h e  w a l l s  o f  which 
a r e  m a in t a i n e d  a t  t h e  same t e m p e r a t u r e . ) ,  i n  te rm s  o f  t h e  
t e m p e r a t u r e  o f  t h e  w a l l s ,  T.
We w i l l  s u b j e c t  t h e  e n c l o s u r e  t o  r e v e r s i b l e  changes  o f  
volume and t e m p e r a t u r e ,  t h a t  i s ,  we w i l l  suppose  t h e  changes  
t h k e  p l a c e  so s l o w l y ,  t h a t  a t  any i n s t a n t  a s t a t e  o f  e q u i l i b r i u m  
may be su p p o sed  t o  be e x i s t i n g
F i r s t l y  c o n s i d e r  i s o th e rm a l  changes  -  t h a t  i s  t o  sa y  changes  
where t h e  t e m p e r a t u r e  o f  t h e  w a l l s  o f  t h e  e n c l o s u r e  rem ains  
c o n s t a n t  th r o u g h o u t  t h e  p r o c e s s .  We know- t h a t  t h e  ene rgy  p e r  
u n i t  volume, u ,  rem a ins  t h e  same, s i n c e  t h i s  depends on ly  on 
T and we a r e  k e e p in g  T c o n s t a n t .  We h a v e ,  m oreover ,  shown t h a t  
t h e  p r e s s u r e  p o f  t h e  r a d i a t i o n  i s  e q u a l  t o  one t h i r d  o f  u
and hence  i t  f o l lo w s  t h a t  f o r  i s o t h e r m a l  ch a n g es ,  t h e  p r e s s u r e
o f  t h e  r a d i a t i o n  rem a ins  c o n s t a n t .
■ - h ------------  On a  p - v  d ia g ram  t h e r e f o r e ,
p I _  .- jg--------- i s o t h e r m a l s  a r e  r e p r e s e n t e d  hy
— ----------- s t r a i g h t  l i n e s  p a r a l l e l  t o  t h e
volnme a x i s ,  as t h e  f ig m re  shows
V—^
( i s o t h e r m a l s  f o r  temps 
, I g ,  and
13^
volume w hich  rem a in s  u n a l t e r e d ,  and i t  f o l l o w s  t h e n ,  t h a t  i f  
t h e  e n c l o s u r e  expand,  an amount o f  h e a t  must p a s s  from t h e  v /a l l s  I 
t o  t h e  e n c l o s u r e ,  t o  make u p ,  as i t  w ere ,  t h e  sp a ce  l e f t  empty 
where t h e  v /a l l s  have expanded .  T h is  amount o f  h e a t  w i l l  be : _
u . (  V _ V ) 
where (V -  V ) i s  t h e  change i n  t h e  volume.
F o r  a d i a b a t i c ch a n g es ,  we must have t h e  w a l l s  o f  t h e  e n c l o s u r e  
p e r f e c t l y  r e f l e c t i n g ,  so t h a t  t h e  w a l l s  canno t  ab s o rb  from t h e  
" r a d i a t i o n  g a s ' ' ,  o r  r e f l e c t  t o  i t ,  i f  t h e  t e m p e r a t u r e  o f  t h e  
" g a s "  i s  changed by t h e  a l t e r a t i o n  o f  t h e  volume.
I n  an a d i a b a t i s  change ,  i t  f o l l o w s  t h e r e f o r e ,  t h a t  t h e  q u a n t i fy  
U rem a in s  unchanged ,  t h a t  i s ,  t h e  q u a n t i t y  (u .V )  rem a ins  t h e  
same f o r  t h i s  a d i a b a t i c  and r e v e r s i b l e  ch a n g e .
B u t ,  i f  (u .V)  rem a ins  unchanged ,  t h e n
d (u .V)  must be z e ro  ( where d (u .V )  i s  t h e  in c re m e n t  i n  u v j i
I
i . e .  u .dV + V.du -  0 j
I
and s i n c e  dV i s  n o t  0 ,  i t  f o l lo w s  t h a t  du i s  n o t  z e ro  ( as i t  
was f o r  t h e  i s o t h e r m a l  c a s e )
Hence -  f o r  a d i a b a t i c  changes  u  and t h e r e f o r e  T c h a n g e s .  f  4
To sum up:
F o r  r e v e r s i b l e  i s o t h e r m a l  changes  u , and% a r e  c o n s t a n t  ; and U var-
(ieF
" a d i a b a t i c  " U i s  c o n s ta n t*  and u  and 2  v a ry
F o l lo v ; in g  t h e  an a lo g y  o f  a  gas o r  m a t e r i a l  e n c l o s u r e ,  we w i l l  
s u b j e c t  t h e  r a d i a t i o n  i n  t h e  e n c l o s u r e  t o  t h e  r e v e r s i b l e  
changes  o f  a  C arno t  cy c l e .
T
c (T f  dT) cL Suppose we have t h e  r a d i a t i o n
A  w _____ ^  e n c l o s e d  w i t h i n  a c y l i n d e r  w i t h  a
1 movable p i s t o n .  I f  t h i s  h as  t h e .' I
V» i n i t i a l  volume V» and t e m p e r a t u r e
—
Vol  ^ (T-rd!i)this s t a t e  w i l l  c o r r e s p o n d  t o
t h e  p o i n t  a  on t h e  p - v  d ia g ra m .  
S u b j e c t i n g  t h e  r a d i a t i o n  t o  t h e  r e v e r s i b l e  C arno t  c y c l e ,  
c d a  b ,  i n  t h e  u s u a l  manner,  we can  ap p ly  C a rn o t^ s  
p r i n c i p l e  t h e  arnnTifi 1 py; n f  t h  n,rmn if1 y  ira t o  t h e
p r o c e s s .
I n  t h e  p - v  d iag ra m ,  c-^d r e p r e s e n t s  i s o t h e r m a l  e x p a n s io n  
o f  t h e  r a d i a t i o n  a t  t h e  tem p er  a t u r e  ( T dT ) •
d ^ a r e p r e s e n t s  a d i a b a t i c  e x p a n s io n  o f  t h e  r a d i a t i o n ,  
t h e  t e m p e r a t u r e  f a l l i n g  from ( T f  dT ) t o  T
a 4 b r e p r e s e n t s  i s o t h è r m a l  c o m p re s s io n  from t h e  
volume V” t o  t h e  volume Y ' , t h e  t e m p e r a t u r e  b e i n g  m a in ta in e d  
a t  t h e  v a lu e  T.
F i n a l l y ,  b ^ c p e p r e s e n t s  a d i a b a t i c  c o m p re s s io n  c a u s i n g
i n c r e a s e  i n  T t o  (T t  dT )
F o r  t h i s  r e v e r s i b l e  c y c l e ,  C a rn o t^ s  theo rem  
1-vr o f  - ."'.4 u 1". m-TTrr^  req.ulre5 t h a t  t h e  r a t i o
work done
Heat s u p p l i e d
s h a l l  be eq.ual to   dT
T + (&M
t h a t  i s ,  t h a t
a r e a  abed ^
h e a t  s u p p l i e d  T ' '
(where we have n e g le c t e d  dT by comparison w i th  T . )
The eq.uation (30) may be w r i t t e n
( V  _ V) dn - M  i
h e a t  s u p p l i e d  T \
The h e a t  s u p p l i e d  w i l l  c o n s i s t  o f  tvm p a r t s ,  ,j
( 1 ), t h a t  r e q u i r e d  to  f i l l  up th e  space {Y' -V) w i th  r a d i a t i o n  ;
o f  energy d e n s i ty  u  ( equa ls  u»{Y' - V ) . )
( 2 ) .  t o  do work a g a in s t  th e  p r e s s u r e  o f  r a d i a t i o n .  ( ^  V^-V.p .)
S u b s t i t u t e  ia]j t h e s e  v a l u e s ,  we ge t
du . (V '-V )   -  dî
(31 ) u . ( V ' - V )  f  p . (V ' -V )  T
where,  p ,  t h e  r a d i a t i o n  p r e s s u r e ,  i s  equa l  to  u 
and t h e r e f o r e ,  dp equals  ^
T h e re fo re ,  (31) becomes,
1 .  â.'ü
5 -  a i
u  i  i . u
3
and t h e r e f o r e
T
M
3 -  AI
T4u
3
i . e .  t o  -  dT 
4u T
i n t e g r a t i n g  t h i s ,  we get
lo g  u  J: 4 log  T (p lu s  a c o n s t a n t )
4 ■o r  u  ^  a.T 
where a  i s  a c o n s t a n t .
We \h A  an e x p r e s s i o n  f o r  t h e  i n t e n s i t y ,  namely,
1 * -  u . c
4-TT
1 -
4 ( see  e q u a t io n s  (4)  and ( 9 ) . )
and t h e r e f o r e ,  we may w r i t e ,
4
a  T - u
4cr*T -
4
cr T - I
(32)
where a cr» and cr a r e  a l l  c o n s t a n t s .
The c o n s t a n t  o; i s  c a l l e d  t h e  S te fan -B o l tzm an n  C o n s tan t
and t h i s  f o u r t h  power law i s  c a l l e d  t h e  S te fan -B o l tzm a n n  Law.
I t  f o l l o w s ,  moreover ,  from e q u a t io n s  ( 4 ) ,  ( 9 ) ,  and (3 2 ) ,
(33) t h a t  cr a . c  and cn a . c  and cr "^cr^.
4 4 ^
n
We have s e e n  t h a t  i s o t h e r m a l s  a r e  r e p r e s e n t e d  "by l i n e s  p a r a l l e l
t o  t h e  Y -a x i s  on a p -v  d iagram  Let us  now c o n s i d e r  t h e  shape
oucf I (L b c u b  165-, Ioy t h e  iao't ihermals . I n  t h e  same way t h a t  t h e  fo rm er  a r e  ■
i
d i s t i n g u i s h e d  by some n u m e r ic a l  q u a n t i t y ,  which we c a l l  !
t e m p e r a t u r e ,  So t h e  a d i a b a t i c s  a r e  d i s t i n g u i s h e d  by a n o t h e r
n u m e r i c a l  q u a n t i t y ,  e n t r o p y , g e n e r a l l y  d en o ted  by t h e  l e t t e r  0 .  ;
The measure  ad o p ted  f o r  0 i s  f  h e a t__________ and f o r  a change |
N te m p e r a t u r e /
i n  0 o f  d0, as |d^ j  where dQ i s  t h e  ho a t  communicated d u r i n g
a r e v e r s i b l e  a d i a b a t i c  change a t  a t e m p e r a tu r e  T. |
The second  law o f  thermodynamics r e q u i r e s  t h a t  d0 be a j
p e r f e c t  d i f f e r e n t i a l .
That  i s  t o  s a y ,  i f  0 ^^A .dx  f  B.dyj
t h e n  ^ ( A )  i s  e q u a l  t o
dx (y b e i n g  k e p t  c o n s t a n t )
a_(B)
dy (x b e i n g  k ep t  c o n s t a n t )
A pp ly in g  t h e  f i r s t  law o f  thermodynamics t o  t h e  r a d i a t i o n  
dQ ^  dU + p.dV ( j u s t  as f o r  a m a t e r i a l )
- d (u .Y )  f  p.dV 
^  Ti. dV 4 v . d u  4 p.dV
- Y.du 4 4u.dV ( s i n c e  t h e  p r e s s u r e  p % u  1
r  5
For  an a d - i a b a t i c  change,  dQ i s  z e ro ,  and t h e r e f o r e ,  p u t t i n g  
dQ 0 .  we g e t  : -
(34) — 4,* ^
_4^
B u t ,  by S te fan^  s law, u
t h e r e f o r e  du 4.uT^ 
and by s u b s t i t u t i o n  i n  (3 4 ) ,  we g e t  f o r  t h e  a d i a b a t i c ,
3Y.dT -  -p .dY
i n t e g r a t i n g  t h i s ,  we g e t  ^
T .V ^  c o n s t a n t .
S in c e  u  -  3P, we cou ld  have w r i t t e n  ( 3 4 ) i n  t h e  form 
3V .3 dp + 4.3P-â.V -  0
and t h e r e f o r e  t h e  s lo p e  o f  t h e  a d i a b a t i c s , / d p \ i s
\à.Y)
-  4 . 2
3 V.
Summarizing t h e n  f o r  a d i a b a t i c s ,  wehhave 
3
% .V i s  c o n s t a n t
0'  ^ V^.p^ i a
dp i  i s  -  1 - 2  
dV/ 3 V.
Going back  t o  t h e  e x p r e s s i o n  f o r  t h e  f i r s t  law o f
the rm odynam ics ,  , dQ d(u .V )  4 p.dV
i f  we s u b s t i t u t e  f o r  d Q , (T .d 0^ a n d  f p r  p , ^uj
we g e t  d0 ^  2 (du.V 4 u .d V ) 4 i . u . d V
T 3 T
— I ' V . d u  f  A*P*dV
T 3 T
and s i n c e  d0 i s  a p e r f e c t  d i f f e r e n t i a l - ,  
é -  .1 t . v )  -  cL. /  4.U
dV \ T / dT 3 T y
t h a t  i s ,  z. 4.*JL -  A 'P  ' dT
T 5 T 3 I  du
i . e .  d l  -  Ï
du 4u
I n t e g r a t i n g  t h i s  e x p r e s s i o n ,  we a g a i n  g e t  t h e  S te fa i i -B o l tzm ann
4
1 aw, p  n  s,. T
t h i s  t im e ,  w i th o u t  u s i n g  th e  a ^ r t i f i c i a l i t y  o f  t h e  C arno t  en g in e .
Let  us  now t r y  t o  f i n d  an e x p r e s s i o n  f o r  t h e  e n t ro p y  0
a s s o c i a t e d  w i th  t h e  r a d i a t i o n  i n  a volume V a t  t e m p e r a t u r e  T.
We had d0 -  l - V . d u  f  1 ,4u.dV
T T 3
- V .  4 a T ^ . d T  +  l . j _ . a I ^ . d V  
T 1 5
4
( by s u b s t i t u t i n g  u  ^  aT )
t h a t  i s  d0 -  4a .(V .T^  ) . d l  - f - i .T ^ .d V .  4 a .
T 5
and t h e r e f o r e  i n t e g r a t i n g ,  we g e t
0 ^  4.aT*^.V (p lu s  a c o n s t a n t )
3
T his  c o n s ^ t a n t  we choose our  s c a l e  o f  measurement t o  make z e ro  
and hence  0^ , ^ .aT ^  .V
3
i f  we a g re e  t o  c a l l  t h e  e n t ro p y  p e r  u n i t  volume, _s
t h e n  8 ^  ^  - 4 .  aT^
V 3
i . e .
0 4 . a T ^ . V
T
8 - 4 aT^
-  J
Wien#s Law
The c h i e f  t h e o r e t i c a l  p rob lem  o f  f u l l  r a d i a t i o n  i s  t h a t  
o f  t h e  s p e c t r a l  d i s t r i b u t i o n  o f  en e rg y  i n  i t .  I f  we employ u,  ^
i n  t h e  s e n s e  a l r e a d y  d e s c r i b e d  above ,  t h a t  i s  t o  s a y ,  so t h a t  
u^ dl) means t h e  ene rgy  i n  t h e  l i m i t s  o f  f req .uency V and fd)) 
p e r  u n i t  volume, t h e n  t h e  d i s t r i b u t i o n  p rob lem  i s  t h a t  0t  
of  t h e  e x p r e s s i o n  o f  u   ^ as a  f u n c t i o n  o f  )J and T, where T i s  
t h e  t e m p e r a t u r e  m easured  on t h e  K e l v i n  s c a l e .
V^ien made t h e  f i r s t  i m p o r t a n t  advance  i n  t h i s  d i r e c t i o n , b y  
a p p l y i n g  t h e  p r i n c i p l e s  o f  therm odynam ics  t o  f u l l  r a d i a t i o n  
and t h u s  d i s c o v e r e d  so m e th in g  o f  t h e  n a tn n e  M  t h e  f u n c t i o n  , 
w i t h o u t ,  how ever ,  f i n d i n g  i t s  e x a c t  fo rm .
Suppose we have f u l l  r a d i a t i o n  e n c l o s e d  i n  a c a v i t y  
t h e  v ;a l l s  o f  which  a r e ,  f o r  t h e  s a k e  o f  a rgum ent ,  p e r f e c t l y  
r e f l e c t i n g .  L e i  u s  suppose  f u r t h e r ,  t h a t  t h i s  e n c l o s u r e  i s  
e x p a n d in g  v e ry  s lo w ly  and a d i a b a t i c a l l y . I n  t h i s  p a r t i c u l a r  
c a s e , " s l o w l y "  means tg^at t h e  v e l o c i t y  o f  t h e  r a d i a t i o n ,  ( th e  
v e l o c i t y  o f  l i g h t ) , i s  l a r g e  compared w i t h  t h e  v e l o c i t y  o f  the  
w a l l s ,  a l t h o u g h  t h e s e  may be moving w i t h  a  v e l o c i t y  o f  a h ig h  
o r d e r  compared w i t h  what i s  u s u a l l y  d e d c r i b e d  as h ig h  v e l o c ­
i t i e s ,  f o r  example t h a t  o f  an e x p r e s s  t r a i n ,  so lo n g  as t h e  
v e l o c i t y  o f  t h e  w a l l s  i s  s m a l l  compirrdt w i th  t h a t  o f  l i g h t ,  
t h e n  we maÿ c o n s i d e r  t h e i r  m o t io n  as r e v e r s i b l e  i n  t h e  
therm odynamic  s e n s e .
L e t  a  -  b be a s e c t i o n  o f  t h e  movin
b w a l l  and l e t  a » -  b» be i t s  p o s i t i o n
b: a f t e r  a  s h o r t
i n t e v a l  o f  t i m 8 , d t .  I f  ab i s  moving w i t h  t h e  v e l o c i t y  v ,  t h e n
th e  d i s t a n c e  i t  w i l l  have t r a v e l l e d  w i l l  be ( v . d t )
I f  dS i s  t h e  a r e a  o f  afe, t h e n  t h e  c o r r e s p o n d i n g  i n c r e a s e  i n  t h e
volume w i l l  be
(35) dV -  v . d t . d S
We h^ave i n  t h e  f i r s t  p l a c e ,  t o  i n v e s t i g a t e  t h e  e f f e c t
t h a t  t h e  movement o f  t h e  m i r r o r  w i l l  have on t h e  f r e q u e n c y  o f
th e  r a d i a t i o n .
Imagine  a wave p a s s i n g  th r o u g h  S and t r a v e l l ­
in g  to w ard s  t h e  p o i n t  0 i n  a b , v ; i th  a v e l o c i t y
_q. I f  i t  t a k e  a t im e  d t  t o  t r a v e l  t h e  d i s t a n c e
SO, t h e n  t h e  number o f  waves i n  SO, i s  )/.d t  
where y  i s  t h e  f r e q u e n c y  o f  t h e  r a d i a t i o n ,  
i . e .  t h e  number o f  v;aves p a s s i n g  a p o i n t  i n  
u n i t  t i m e .
I f  ab were n o t  moving, t h e s e  wavvs would a l l  
be r e f l e c t e d  back  a t  ab and t h e  number 
r e t u r n i n g  t o  S, p e r  u n i t  t im e ,  would be )/.i t
and i n  t h e  t i m e ,  d t  d t   ^ But on ac c o u n t  o f  t h e  m ot ion  o f  al^
( s a y  awa^ from S) t h e  waves which vmuld have been  r e f l e c t e d
back  a t  ab ,  have t o  go a  f u r t h e r  d i s t a n c e  e q u a l  t o  tw ic e  oo'
i . e .  2 v . d t .
Thus t h e  number r e t u r n i n g  t o  S i n  t h e  u n i t  t im e ,  w i l l  be
re d u c e d  by ))• 2v 
c
and t h e r e f o r e  t h e  number r e t u r n i n g ,  ])  ^ , w i l l  be g iv e n  by
V   ^ :l V (1 -  ^ )
c
I f  ab were a p p r o a c h in g  S, t h e  number would be i n c r e a s e d ,  and
]} ' z. (1 + j
c
N/ )
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a^ b:
^7
S uppose ,  now we have r a d i a t i o n  i n c i d e n t  a t  an an g le  e-
t h e  e x t r a  d i s t a n c e  t h a t  t h e
r a d i a t i o n  has t o  t r a v e l ,  on ac co u n t
o f  t h e  m ot ion  o f  t h e  m irrm r i s
o b v i o u s l y ,  from th e  f i g u r e ,  (%^y)
where AA* i s  a s e c t i o n  o f  t h e  wave-
f r o n t  b e f o r e  r e f l e c t i o n ,  and BC
a f t e r  r e f l e c t i o n .  AA» i s  moving
tow ards  t h e  m i r r o r  which a f t e r  a
t im e  d t  w i l l  be i n  t h e  p o s i t i o n  a b f .
From t h e  f i g u r e ,  x . c o s  6 -  v . d t ,  and i t  can  e a s i l y  be shown
t h a t  t h e  an g le  OQG i s  26, t h e r e f o r e ,  y x . c o s  26
and t h e r e f o r e  (x^y)  -  v . d t  4 ^ , d t  .co s  26
\ cos e
2v . d t  .co s  0
t h e r e f o r e  t h e  number o f  waves r e a c h i n g  BC i n  t im e  d t  i s
l e s s e n e d  by V . d t . 2 r . c o s  6
c
o r  V ’ . d t  ^  y ( 1 -  g v .c o s  0 )d t
c
V y ( 1 -  ^  cos e) 
c
($6)
I n f  t h i s  we have assumed t h a t  t h e  "Jaws o f  r e f l e c t i o n  a re  n o t  
a l t e r e d  by th e  m otion  o f  t h e  m i r r o r .
We must now f i n d  an e x p r e s s i o n  f o r  t h e  amount o f  r a d i a n t  
energy f a l l i n g  on t h e  a r e a  dS i n  t h e  t im e  d t , and c o n f in e d  t o  
t h e  l i m i t s  o f  d i r e c t i o n  w i t h i n  t h e  s m a l l  cone o f  d i r e c t i o n s  dil. 
w here ,  as u s u a l  dSZ, may be w r i t t e n
d^ .  z. 8 i n  6 . d 0 . d0 
where 0 i s  t h e  az im outh  a n g l e .
For  a s m a l l /  r ange  o f  f r e q u e n c i e s , l y i n g  be tw een  V and V f  a y 
t h e  ene rgy  w i l l  be
(3$) u.aA)).dSl.c . d t  .co s  0 dS
4TT ( s e e  e q u a t i o n  ( 2 ) . )
E q u a t io n  (^7)  i s  t h e  e x p r e s s i o n  f o r  t h e  energy  r e a c h i n g  t h e
s u r f a c e  ab (d S ) .  B u t ,  dS i s  moving, and t h e r e f o r e  t h e  f r e q u e n c y
)J i s  changed by r e f l e c t i o n ,  and c o n s e q u e n t ly  t h e  r a d i a t i o n
which p r e v i o u s l y  was i n  t h e  ran g e  a y w i l l  e n t e r  some o t h e r  r a n g e
w h i le  r a d i a t i o n  from a n o t h e r  ran g e  v^il l  e n t e r  t h i s  r a n g e d  V.
Suppose t h a t  t h i s  l a t t e r  i s  ujl Then
^  0 t / ^  - y ) t  ^  f  ( S)  ^“ y ) f  * • • •
l a y /  v a r y
by T aÿ lo r^ s  theoram )
That  i s ,  n e g l e c t i n g  h i g h e r  p o w e r s ,
Ti;, _  -  /d u o )(  )
( a y /
I n  t h i s ,  s i n c e  ) i s  t h e  change i n  f r e q u e n c y  o f  t h e  wave,
) means^2T cos
T h is  e n t e r s  t h e  ran g e  a , and so t h e  e x p r e s s i o n  c o r r e s p o n d in g  
t o  (37) f o r  t h e  ene rgy  e n t e r i n g  t h e  range  betv/een ^ and^^ ^  ^ij 
i n  t h e  d i r e c t i o n  dSZ. becomes 
( 3 7 ») u l  ,d i l .c  . d t  .co s  6 dS
4-rr
u^ .d^z. c . d t  .COS 6 dS
\ d  y/  ^ 47T
t h e r e f o r e  t h e  e x c e s s  o f  ene rgy  e n t e r i n g  th e  ran g e  o )J over  t h a t  
l e a v i n g  i s  : -
) * â ik  o . d t  .co s  6 dS . A y 
[ d V j  4TT
which i s  e q u a l  t o
A y /duj\2v cos 0 . d i l . d t . c o s  6 dS.c. ' i.
4Tr\d^ /  c
o r
4T A D /duji2cLV,cos^e«3in 
4T [d.))J
( t y  s u lD s t i t u t i n g  f o r  dJL and f o r  dV from ( 3 6 ) and ( 3 5 )
When we sum f o r  a l l  t h e  p o s s i b l e  v a l u e s  o f  6 andl 0
we g e t  : _ ÿ  y  2
/  /  /duJdV .cos  0 . s i n  G . d e , d 0 . y 
/  {  2ir\d),;
— cos^e . s i n  G .d© .d 0 .d ¥
2ir(^dyy
(39) - i.du^AV . i/.dv
^ cL];
We may now o b t a i n  a n o t h e r  e x p r e s s i o n  f o r  t h i s  i n c r e ­
ment,  ( 3 9 ) ,  by a p p l y in g  t h e  f i r s t  law o f  the rm odynam ics . I t  
i s  s i m p l e s t  t o  p ro cee d  by r e g a r d i n g
(40) -  i . / ^ ^ ) / ^ y . d v .  y
)  ( a y /
as t h e  decrem ent i n  t h e  ran g e   ^ y a s s o c i a t e d  w i th  t h e  
change i n  volume dV. We musC' uo^k- dont m. lt« rtuev^ s-,
y^-oct-St
how i n  t h e  r e v e r s i b l e  a d i a b a t i c  p r o c e s s  : -  
(40)  0 n  d (u .V )  4 p.dV
às t h e  e q u a t i o n  which d e a l s  w i th  t h e  change i n  t h e  t o t a l  
d n e rg y .  I t s  c o r r e s p o n d in g  e q u a t i o n  i n  which we a re  more 
p a r t i c u a l l y  i n t e r e s t e d  i s ,  o f  co u rse  t h a t  d e a l i n g  w i th  t h e  
energy  f o r  a p a r t i c u l a r  ran g e  o f  f r e q u e n c i e s  A y, and f o r  
t h e  freq.uency y 
] 4^0  ^ ) t h e  eg_uation becomes 0 n  a f  A Ju^ d ]/)
and th e  energy  decrement w i t h  which we a r e  e s p e c i a l l y  
concerned  i s  -  , d( UyV)-^wKicK is Mie u/o/K dont la tU
(42) o r ,  -A)/.(V.dUo-^ U jd?)
e q u a t in g  (40) %nd (4 2 ) ,  we g e t
— ----------------    — ______________________           — _— ____A
0^
- v . a u j . u ^ d v
5 \
(4 3 ) o r  -  V.dUj c.
I t  s h o u ld  he p o i n t e d  ou t  h e r e  t h a t  t h e  du^ u se d  h e r e  r e a l l y
means l^ d n ^ W  f «} 4^  «■-<> ft r ]
IdT /
s i n c e  we a r e  i n v e s t i g a t i n g  o v e r  a s m a l l  r a n g e  o f  f r e q u e n c i e s
&so t h a t  we may t h i n k  o f  f  dujid U as z e r o ,
\ dW
and s i n c e  u  i s  in d e p e n d a n t  o f  t h e  vo lu m e , / du^\5 V i s  a l s o  ze ro
'' i d v 7
(44 ) Froqa ( J 3 )  t h e r e f o r e ,  ' -  V /dujdT ^  u  -  . d u j .V d V
( d iy  \  3 a y  /
how, dV i s  t h e  change i n  V f o r  a r e v e r s i b l e  change 
( a d i a b a t i c )  i n  volume, and we may, w i t h  t h e  a i d  o f  (41 ), r e ­
p l a c e  i t  by an e x p r e s s i o n  c o n t a i n i n g  t h e  c o r r e s p o n d i n g  
e x p r e s s i o n  f o r  dT , t h e  c o r r e s p o n d in g '  t e m p e r a t u r e  i n c r e m e n t .
We h a v e ,  nam ely ,  t h a t  - 
0 c. ■^ ..dV 4- V .du f  p .dV 
v . d u  f  (u+p )dV
-  4 V .a ï^ .d T  t  4 .aT ^ .d V  ( u s i n g  u
5 • ,
-  V.dT + i . T . d V
3
So t h a t  dV -  3V. dT
T
On s u b s t i t u t i n g  t h i s  e x p r e s s i o n  f o r  dV i n  ( 4 4 ) ,  we g e t
-  V [ dup\ dT ^  -  i*  y d u j . 35jl^^
(dT / \  " 3 d y /  T
o r  f i n a l l y ,  / / \
(43 ) 5^0 -  î - I M A  + y
( dTA (,cLy/r
The te rm  ” 3u^" i n  t h e  e x p r e s s i o n  ( 4 3 ) ,  s u g g e s t s  how
V\fe s h o u ld  p roceed#  Wc i n t r o d u c e  a  f u n c t i o n  f , d e f i n e d  by
1,(46)
Si
f  -  u
so t h a t , ^ . f .
( where f  i s  a so f a r  uiiknown f u n c t i o n  o f  f  / and )) ) 
S u b s t a t t - t i n g  t h i s  e x p r e s s i o n  in  t h e  e q u a t io n  f o r  u,j
^ + y f  y ^ T / M ' l
U i y
and t h e r e f o r e ,  )// d f  \  f  TI d f]  0
[dyj  (dT/
I n  t h i s  e q u a t i o n  i t  may be p o i n t  d out t h a t
d f '  
dy<
means t h e  d i f f e r e n t i a t i o n  c a r r i e d  out u n d e r  t h e  co n d id io n s  
t h a t  T i s  n o t  a l t e r e d .  We may, i f  we w ish ,  mark t h i s  s p e c i a l l y  
by v^rriting / d f |I T
S i m i l a r i l y , | means h e r e  t h e  d i f f e r e n t i a t i o n  when }) i s
U ? /  , ,
c o n s t a n t ,  and may be w r i t t e n ,  / d f
[dT/^J
We can  make p r o g r e s s  by w i t t i n g  t h e  d i f f e r e n t i a l  e q u a t i o n  (46)
„  ^  0
df/>l
141) i n  t h e  form T f  / d f  \ • fdT^
I h W  t af /
Mow d f  i s  fdf\ .dT j_ ( d f U y
i d f i  ^  m
and i f  we c o n s i d e r  f o r  a moment, a change when f  does no t  a l t e r ,
i . e . ,  f o r  which d f  ^  0 ,
0 -  Vdf^d))
(dTjo. IdVA
n  4 / d f \ . / d y ) ( by d i v i d i n g  by dT and remembering
\dT/'^ ( dyy I dT /f  f  i s  c o n s t a n t )
o r ,  /d f ]  - / m )*
]dT/o idV/r [à-Tj^
s u b s t i t u t i n g  t h i d  i n  e q u a t io n  (47 )> w^e have
6 1
o r  ï  -  Vfèl]
UyJf
s i n c e  / df \  • [dA  1
So lo n g  as  f  i s  c o n s t a n t ,  t h e r e f o r e ,
aj/ - 1
dT T
o r  dj)
]) T
T h is  means t h a t  ( by i n t e g r a t i n g )  l o g  j y ï  and hence  
rem a in s  c o n s t a n t ,  so lo n g  as t h e  f i m s t i o n  f  r em a in s  c o n s t a n t .  
Vile may, i n  o t h e r  w o rd s ,  say t h a t  t h e  f u n c t i o n  f  i s  a 
f u n c t i o n  o f  t h e  s i n g l e  v a r i a b l e /  lA o r
I t/  N /
and i f  we v / r i t e  as  x ,
(49 ) t h e n  u  ^  ^ ^ . f ( x )
T h is  i s  one form o f  t h e  e x p r e s s i o n  f o r  W ien 's  law .
I f  we wxpcBss t h e  ene rgy  i n  t e rm s  o f  t h e  w a v e le n g th ,  }\ 
i n s t e a d  o f  i n  te rm s  o f  ^ , we s h a l l  g e t  a n o t h e r  e x p r e s s i o n  
f o r  Wien*s lavv.
I f  c i s  t h e  v e l o c i t y  o f  l i g h t ,  c :z. V • \
A  -  2
V
d A z. ~ 0 '  ^iL
y ^
and s i n c e  E d \  ^  - u ^ d p  
s u b s t i t u t i n g  f o r  u^from  ( 4 ? ) ,  we g e t
(50) E dA -  oI ^ . F ( A t )
A
where I  i s  an unknown f u n c t i o n  o f [ AfTj
I f  we d i f f e r e n t i a t e  t h e  e x p r e s s i o n s  f o r  u  and E 
and e q u a te  t h e  r e s u l t  t o  z e r o , t o  f i n d  c o n d i t i o n
must h o ld  f o r  a maximum or minimum v a l u e  o f  t h e  en e rg y ,  we 
g e t ,  d i f f e r e n t i a t i n g  (3 0 )
dE -  -5A  + A “-^ .T - rM A .T )
à j
P u t t i n g  dE e q u a l  t o  gero  f o r  a s t a t i o n a r y  v a l u e ,
dA
0 -  A. I .  F' (A.T)  -  5E(A.T)
whence i t  f o l lo w s  t h a t  f o r  t h e  v a l u e  o f  t h e  w a v e l e n g # !  
f o r  which  t h e  ene rgy  has a s t a t i o n a r y  v a l u e ,  say  )\ ^
,  \  C L  u - r v i  y e - r s a /
51) (^X m,ï] i s ^ c o n s t a n t .
S u b s t i t u t i n g  t h i d  i n  t h e  e q u a t i o n  ( 5 0 ) ,  we g e t  f o r  t h i s  
s t a t i o n a r y  v a l u e  f o r  E^
A m
w hich  may be w r i t t e n ^ ! ,
- 0^  F( A mT ).
and s i n c e  IA m 'l j  c o n s t a n t ,
5
l2) E ^  i s  p r o p o r t i o n a l  t o  T
The e x p r e s s i o n s  (31)  and (32)  a r e  r e s p e c t i v e l y  known 
as W ien 's  D isp la ce m en t  law ,  and t h e  F i f t h  power law
The f o r m u l a  o f  Wien a t  which  we a r r i v e d ,  namely 
ZL V  . f  ( x ) , where x
and f  i s  a  so f a r  uhknovm f u n c t i o n  o f  x ,  
i s  t h e  l i m i t  t o  which  th e rm o d y n a m ic a l  a rg u m en ts  w i l l  t a k e  
u s  to w a rd s  t h e  s o l u t i o n  o f  t h e  p rob lem  o f  f u l l  r a d i a t i o n .
To make f u r t h e r  p r o g r e s s ,  we may r e g a r d  t h e  r a d i a t i o n  i n  
t h e  e n c l o s u r e  as  a s u p e r - p o s i t i o n  o f  J l a n e  ha rm onic  w aves ,  
t r a v e l l i n g  i n  a l l  d i r e c t i o n s  and o f  a l l  w a v e l e n g t h s . F o u r i e r » s  
th e o re m  w ould ,  i n  f a c t ,  e x p r e s s  t h e  E s t a t e  o f  a f f a i s r s  i n  t h e  
e n c l o s u r e  i n  much t h e  seme way.
The method may be i l l u s t r a t e d  by a p p l y i n g  i t  t o  t h e  c a s e  
o f  a s t r e t c h e d  s t r i n g  o r  c o r d .
Each o f  i t s  s im p le  modes o f  v i b r a t i o n  may be r e g a r d e d  
as  t h e  s u p e r p o s i t i o n  o f  ha rm on ic  wajces t r a v e l l i n g  i n  o p p o s i t e  
s e n s e s , so  t h a t  t h e  nodes  a r e  p ro d u c e d  a t  d i s t a n c e s  a p a r t .  
I n  t h e  f u n d a m e n ta l  mode o f  v i b r a t i o n  t h e r e  i s  a node a t  each  
end and no nodes  in b e tw e e n ,  ( s e e  f i g u r e
f i g u r e (2 )  f i g u r e  ( 3 ) f i g u r e  ( 4 )
I n  t h e  n e x t  mode o f  v i b r a t i o n , t h e r e  i s  a  node j u s t  
h a l f  way in b e tw e e n  t h e  two end n o d e s ( f i g u r e  3 ) ;  i n  t h e  
n e x t ,  two e q u a l l y  s p a c e d  nodes  in b e tw e e n  t h e  end ones ( f i g 4 )  
and so on.
I f  1 i s  t h e  l e n g t h  o f  t h e  c o r d  and n i s  t h e  number o f  
i n t e ^ a l s , (  t h a t  i s  t o  say  t h e r e  a r e  ^nflj nodes  a l t o g e t h e r )
i f  V i s  t h e  v e l o c i t y  o f  t h e  wave, and )) i t s  f r e q u e n c y ,  t h e n
V z. ))*\ 
and ~  1
(33) o r  y -  V__
2 1 . n
I t  f o l lo w s  t h a t  t h e  d i f f e r e n t  modes o f  v i b r a t i o n ,  i f  we
i n c lu d e  f r e q u e n c i e s  up t o  )) and no f u r t h e r ,  a r e ,  i n  number
21.) /
V
I n  any one o f  t h e s e  modes o f  v i b r a t i o n ,  t h e  m otions  o f  t h e  
d i f f e r e n t  p a r t s  o f  t h e  co rd  a re  n o t  i n d e p e n d a n t .  Then th e  
number ô f  in d e p en d an t  modes o f  v i b r a t i o n  o f  f r e q u e n c i e s  
be tw een  ze ro  and )) i s  21. )J
V
and f i n a l l y ,  t h e  number a s s o c i a t e d  w i th  t h e  ra.nge be tween  
)) aneL W f  d'ù), i s  21.  dj)
V
or  i f  we c o n s i d e r  a h l  t h e  f i b r a t i o n s  o f  t h e  co rd  t'uut tk>s^
(33 ) »-e. 4 1 . d l)
Bow t h e  s t a t i s t i c a l  m e ch a n ica l  t h e o r y ,  (and i n  p a r t i c u l a r
t h e  m e ch an ica l  th e o ry  o f  g a s t s ) ,  e s t a b l i s h e s  t h a t  t h e  s t a t e
i s
o f  s t a t i s t i c a l  equ i l ib r ium /y^assoc ia ted  w i th  an ave rage
k i n e t i e  energy  o f ( kT l p e r  d eg re e  o f  f reedom .
2
Bow s im p le  harmonic v i b r a t i o n s ,  t o  which c a t e g o r y  t h e s e
s im p le  modes o f  v i b r a t i o n  b e lo n g  have t h e  av e rag e  k i n e t i c
energy  e q u a l  t o  t h e  av e ra g e  p o t e n t i a l  e n e rg y ,  and t h e r e f o r e
th e  av e ra g e  energy  o f  a v i b r a t i o n  i s  ft/s




p u r  p ro b lem  f o r  r a i l a t i o n  i s  s l i g h t l y  more com plex ,  b e c a u s e  
v/e have  t o  c o n s i d e r  t h e  s t a t e s  o f  m o t io n  o f  a medium e x te n d e d  
i n  s p a c e  i n  t h r e e  d i m e n s i o n s ,  whereas ou r  c o rd  had  o n ly  one 
d im e n s io n .
L e t  u s  c o n s i d e r  a  c u b i c a l  r e g i o n  o f  o u t  e n c l o s u r e ,  t h e  
s i d e s  o f  w h ich  we w i l l ,  f o r  s i m p l i c i t y ,  t a k e  t o  be u n i t y .
Our c u b i c a l  r e g i o n  w i l l  be f i l l e d  w i t h  waves ( s t a t i o n a r y  v/aver^ 







Suppose  t h a t  OV and VO a r e
t h e  d i r e c t i o n s  o f  p r o p a g a t i o n
o f  t h e  p r o g r e s s i v e  w aves ,
g i v i n g  r i s e  t o  t h e  s t a t i o n a r y
w aves .  (The a r row  OV i s  n o t
n e c e s s a r i l y  c o n f i n e d  t o  t h e
p l a n e  o f  t h e ' p a p e r .
I f  t h e r e  a r e  n<| i n t e v a l s  i n  t h e  edge OA ( i n  t h e  X - a x i s )  
no ” " " " OB
n n II n 11 00 Z-"
and i f  cos 0  ^ , c p s  0 ^^ , and cos  O3 a r e  t h e  d i r e c t i o n  c o s i n e s  o f
t h e  l i n e  OV, t h e n
and
t h e r e f o r e  A. M 1 2. cos 0
and s i m i l a a i l y  /Vn^ z. 2 cos  0^
jn 2 cos  0 j
and s i n c e  cos 6 cos 0  and cos G a r e  d i r e d t i o n  c o s i n e s  o f  t h e
l i n e  OV, t h e  sum o f  t h e i r  sg .uares  i s  n n i t y , and t h e r e f o r eAb<+ - 4 ,
Oa -  1
C O S  0^  .Oa
156)
iT?
s i nc e  \  o  , t he n  ‘ ^
By g i v i n g  n, n^and. n ^ d i f f e r e n t  p o s i t i v e  i n t e g r a l  v a l u e s  
we o b t a i n  t h e  d i f f e r e n t  modes o f  v i b r a t i o n  f o r  a medium, ( -^e. 
i n  t h i s  c a s e , t h e  e t h e r . )
I f  v/e r e p r e s e n t  n^  n^and n^by d i s t a n c e s  measured  a lo n g  
r e c t a n g u l a r  axes o f  c o o r d i n a t e s ,  t h e n  t h e  p o i n t s  r e p r e s e n t i n g  
th e  v a r i o u s  modes o f  v i b r a t i o n  w i l l  be a t  t h e  c o r n e r s  o f  
t h e  u n i t  c u b e s .
f o r  e x a m p l e ,  P  w o u l d  r e p r e s ­
e n t  t h e  p o i n t  f o r  v / h i c h
a x i s .
n  w a s  o n e  a n d  n ^  a l s o  1 
1 ^
Each o t h e r  C o n n e r  o f  a u n i t
cube w i l l  r e p r e s e n t  a mode 
o f  v i b r a t i o n .
C o n s id e r  t h e  t o t a l i t y  o f  v i b r a t i o n s ,  t h e  f r e q u e n c i e s  o f  
v;hich l i e  be tw een  0 and i  . C l e a r l y  t h e  number o f  them w i l l  
be t h e  number o f  u n i t  cubes i n  t h e  o c t a n t  o f  t h e  sp&ere 
o f  r a d i u s  ( n"j t n ^ f n ^ ) ^  -  ^2 ))j ( u s i n g  (5 5 )
The volume w i l l  t h e r e f o r e  be J_. Z2 V
8 5 I c
^  i T . J i i
3 V
and t h e  number i n  t h e  ran g e  o f  f r e q u e n c i e s  be tw een  i and (i) + d^ j)
w i l l  t h e r e f o r e  be ^
47711) t d y
c^
I f  we r e m e m b e r , ( j u s t  as i n  t h e  ca se  o f  t h e  c o rd )  t h a t  we a re
d e a l i n g  v / i th  t r h n s v e r s e  v i b r a t i o n s ,  t h e  m ht ions  o f  which may
be r e s o l v e d  i n t o  p a r t s  a t  r i g h t  a n g le s  t o  one a n o t h e r ,  and
which  a r e  in d e p e n d a n t  o f  each  o t h e r ,  we have f o r  t h e  number
o f  v i b r a t i o n s  
t51)  cTT.
I f  we c a l l  t h e  a v e ra g e  en e rg y  f o r  pach d eg ree  o f  freedom  M
as i n  t h e  p a r a l l e l  ca se  f o r  th e  c o rd ,  t h e n  t h e  e x p r e s s i o n
f o r  t h e  ene rgy  becomes ^
gr.a^OdV.kT - - u j a v  . gT i) '  kT
(58)
which i s  known as Rayleigh^  s fo rm u la .
E x p r e s s in g  i t  i n  te rm s  o f  E^and / \  , we g e t
8T.kT.dA _ E ,d / \
A 4 A
Let ud i n v e s t i g a t e  how t h e s e  fo rm u lae  a g re e  w i th  
W ien 's  law . Th is  law r e q u i r e s  t h a t  u ^ s h a l l  be e x p r e s s i b l e  
i n  te rm s  o f  a f u n c t i o n  su ch  t h a t
11) c  V  ^ (x)
E;  ^ -  A "4: F (x )
where x  and % i s  (A.t] ( s e e  e q u a t i o n s  (49)  and (50  )
and ,  m oreover ,  t h e  d i s p l a c e m e n t  law r e q u i r e s  t h a t
/\ ,T 2: c o n s t a n t  { t h a t  i s ,  s h a l l  have t h e  same v a lu e s
f o r  a l l  t e m p e r a t u r e s . )
R a y l e i g h ' s  fo rm u la  may be p u t
(58 ) u . -  8T. V 2 -^x _ 8 ir .k . )) ^ /.T \
com par ing  t h e  two fo rm u lae  t h e n
u -  BTTk. (Rayleigh)
u  ^  f j  (W ie n 's  law)
we see  t h a t  t h e  fo rm u la  o f  R a y le ig h  i s  i n  agreem ent  v / i th
/t-e- OK {-oT W /f M ' 1 /-/KV •
H
S i m i l a r i l y ,  comparing 
(58' )  Ex II 6T  kT 21 STk (A*l) ( R ay le igh )
A* ~ 1 ?
( Wien)
and E ^ - ^ F ( A . T )
We s e e ,  a g a i n ,  t h a t  a f u n c t i o n  can be found such  t h a t  th e  two 
e x p r e s s io n s  a r e  i n  a g re e m e n t .
But we s h a l l  see  t h a t ;  a l th o u g h  R a y l e i g h ' s  fo rm u la  can be 
made to  f i t  W ien 's  law, i n  s p i t e  o f  t h i s  fo rm al  ag reem ent ,  
i t  does no t  ag ree  w i th  e x p e r i e m h ta l  o b s e r v a t i o n s .
The d is p la c e m e n t  law r e q u i r e s  t h a t  t h e  maximum v a l u e s  f o r  
E ^ a t  d i f f e r e n t  t e m p e r a t u r e s ,  s h a l l  be such  t h a t  th^w-ave l e n g t h  
where t h e  maximum occurs  s h a l l  obey th e  law 
m f o r  a l l  t e m p e r a t u r e s .
Let us f i n d  th e  maximum o r  minimum g iv e n  by (5 8 ' )  
D i f f e r e n t i a t i n g  t h e  e x p r e s s i o n  ( 5 8 ' )  w i th  r e s p e c t  t o  \  and 
e q u a t in g  dE^to z e ro ,  we g e t
(5 9 ) 0 dEi 21 -  ( c o n s t a n t ) . /T \
4^ I Afl
which g iv e s  an i n f i n i t e  v a lu e  f o r  jk f o r  a maximum or  minimum. 
I f  we d i f f e r e n t i a t e  a second  t im e ,  we g e t ,  ( a p a r t  from constsnke
(6 0 ) L s  _ _ 2
dA2
and as we a re  meas^^^më p on th e  K e lv in  work s c a l e ,  
t h e  e x p r e s s i o n  (6 0 ) must always be g r e a t e r  th a n  0 f o r  a l l  
v a l u e s  o f  \  I t  fo l lo w s  t h e r e f o r e ,  t h a t  as X  t e n d s  t o  00
E^ t e n d s  n o t  t o  a maximum ( as exper im en t  i n d i c a t e s  i t  shou ld  
b u t  t o  a minimum. F ig u re  ( 8 ) shows a rough form o f  t h e  cu rv e .  
Moreover,  we have s e e n  t h a t  t h e  t o t a l  energy E i s  eq u a l  t o
t h e  i n t e g r a l  o f  E ^ d ) \o v e r  a l l  p o s s i b l e  v a lu e s  o f  \
ÇK>
that i s  E J  E^  d/\
- fcoriotanty y  L»^ X
o
E i s  t h e r e f o r e  e q u a l  t o  ^
( c o n s t a n tL  -  f 1 -  f  00
Ù
But i t  i s  i n c o n c e i v a b l e  t h a t  E s h o u l d  be i n f i n L t e  and so  t h e  
e x p r e s s i o n  f o r  t h e  e n e rg y  c a n n o t  be c o r r e c t .
 ^ A d i f f e r e n t  f o r m u l a  was g i v e n  by  Wien f o r  t h e  e n e rg y
£, f V I' H.
d i s t r i b u t i o n .  As we i n d i c a t e d  e a r l i e r ,  he  made as  su m p t io n s  
a b o u t  t h e  v e l o c i t i e s  o f  t h e  m o le c u le s  and a r r i v e d  a t  t h e  f o rm u l a
{61 )_______________________________ ^ ____ e " ' ^
w here  a-; and a ^ a r e  c o n s t a n t s  
(62) From (6 1 )  u^ j -  -  a ,  . D ^
♦ V 2 o4 _ g-Ar
From (6 1 )  and (6 2 )  i t  can  be s e e n  t h a t  t h e  e x p r e s s i o n s  s a t  i s  i f  y 
Wien^s la w ,  as  th e y  a r e  e x p r e s s i b l e  i n  t h e  forms
V and A~.F(A.T)
D i f f e r e n t i a t i n g  ( 6 1 ) ,  we g e t
M  — -5^1 . e ai ag , e ~  ^  f
and  f o r  a  s t a t i o n a r y  v a l u e ,  ^  ^ 0
dA
t h e r e f o r e  5 -  a2 o r  / \ t  -  a ,
-  4
Thus W ie n ' s  f o r m u l a  shows a  s t a t i o n a r y  v a l u e ,  w h ic h ,  i n c i d e n t l y  
i s  n o t  v e r y  d i f f e r e n t  f rom t h e  one c a l c u l a t e d  from t h e  acceptedifer 
c o r r e c t  f o r m u l a .  I t  was fo u n d  e x p e r i m e n t a l l y  t h a t  t h e  a g re e m en t
mm
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o f  Wien’ s f o rm u la  , whllejbelng  good f o r  s i i o t t  w a v e l e n g t h s ,  
was n o t  good f o r  l o n g e r  W a v e l e n g t h s , v /hereas  R a y l e i g h ' s  
f o r m u l a  was i n  ag ree m en t  f o r  l o n g  w a v e l e n g t h s ,  w i t h  
e x p e r i m e n t a l  o b s e r v a t i o n s ,  b u t  t h a t  i t  d i d  n o t  r g r e e  f o r  
t h e  s h o r t  w a v e l e n g h t s ,  as  t h e  ro u g h  f i g u r e  shows
- W
T
_ _vV/EW 's ptyrVdT'/O.V 
 •• &77ArJ)
---------- -- 6y z >sv
cvRi/e
/“/■^ Gr­
i t  seems t h e n  t h a t  t h e  c o r r e c t  f o r m u l a  must a p p ro a c h
R a y l e i g h ' s  as \ b e c o m e s  l a r g e ,  and a p p ro a c h  W ie n ' s  as
A becomes s m a l l e r .
I f  we w r i t e  Wien’ s f o r m u l a  as
We s e e ,  t h a t  i f  we p u t  i n s t e a d  difffd t h i s ,
2 ] _____________
• ( e ^ -  1 )
we s h a l l  be v e r y  n e a r  what we w a n t ,  f o r  as  A becomes s m a l l ,  
becomes v e r y  b i g ,  and we may w r i t e  f o r ^ e ^ -  lj, e^ 
w i t h o u t  a p p r e s i a b l e  e r r o r  f o r  t h e s e  s m a l l  v a l u e s  o f  A 
C o n s e q u e n t l y ,  e q u a t i o n  (65 )  becomes
 a j_________  w h ich  i s  W ien 's  f o r m u l a .
eP
On t h e  o t h e r  h a n d ,  as  A becomes b i g ,  e^ becomes s m a l l ,  
and  we may expand e^ as  ( 1 4 P 4 g ^ f P ^ , , . )  
and n e g l e c t i n g  powers  h i g h e r  t h a n  t h e  f i r s t ,  (e^  -1 ) p 
and s u b s t i t u t i n g  i n  ( 6 5 )»
u .
at
X-^*P which i s ,  s u b s t i t u t i n g  f o r  p ,
a , .X T -  . T
\  .&2 ®-2 >4
W h i c h  i s  R a y l e i g h ’ s fo rm u la .
I t  seems t h a t  th e  e x p r e s s i o n  ( 6 5 ) w i l l  meet t h e  case  f o r  t h e  
extreme v a l u e s  f o r  \ ^ o f  X - ^ 0  and X —^
Without e n q u i r i n g  i n t o  t h e  agreement o f  t h e  i n t e r m e d i a t e  v a l u e s  
o f  t h e  f u n c t i o n ,  l e t  us see  ^ h a t  v a lue  we must g iv e  t o  t h e  
ave rage  en e rg y ,  Ê, a s s o c i a t e d  w i th  a s i n g l e  v i b r a t i o n .
We know( from e q u a t i o n  (57)* )  t h a t  t h e  number o f  v i b r a t i o n s  
be tween  f r e q u e n c i e s  )) and d ') . ) p e r  u n i t  volume, i s
(57) s e j l I j j
c^
and i f  "K i s  t h e  ave rage  en e rg y ,  t h e n  t h e  p ro d u c t  o f
(64) t h e  express iom  (57) and E must be u^dV.
S in ce  v/e a r e  assuming E. d X  z. a i d / ________
A • ( -1 ) j? c ^
t h e n  u  di  w i l l  be ai c . dV n  a^ }) ^d}/
b ; } 2    =  c L , î ^
y , ç-5(eP - 1 ) c'^(e^ -1 ) « r
S u b s t i t u t i n g  t h i s  i n  t h e  e x p r e s s i o n  (64) 
o.&lF. )) ^T!.a)) _ a i y ^ d ) )
/ ( e P - 1 )
(t(.) i '®  E - ai
8 " o , ( e P - 1 )
Kow, f o r  l a r g e  v a l u e s  o f  A ( i . e .  s m a l l  v a l u e s  o f  )/ ) ,  we know 
t h a t  t h i s  must approach  R a y l e i g h ' s  fo rm u la ,  i . e .  g - ^
As A becomes b i g ,  (e® -1 )-y-^ P , where p i s  age _ a 2 • )/
1,3.
and th e i - e f  o re  as  X, ^ , v;e have
{66' ) B _2. a.1 ._V_________ __ a»
8 lTc.( p )  ag 8TT
and t h i s  must a p p r o a c h  t h e  c l a s s i c a l  ( R a y l e i g h ' s )  v a l u e ,  kT
t h e r e f o r e  a ' . T  _ kT
I g  8TT
(6 6 " ) o r  ^  -  8Tk
ag
C o n s id e r  now t h e  e x p f e s s i o n  f o r  E, We had
( 6 ? )
E at )) 1
8r c  (e®- l)
— 2 * V -  ^2 .VThue E i s  e x p r e s s e d  as a f u n c t i o n  o f  e ^  — e t
( s i n c e  p i s  ap ))
cT )
i^ 'Ve have haW s i m i l a r  s o r t s  o f  e x p r e s s i o n s  f o r  t h e  en e rg y  
, f o r  exam ple ,  i n  t h e  Mascwellian d i s t r i b u t i o n ,  we have t h a t  t h e  
en e rg y  i s  a f u n e t i o n  d f  J
Let  u s  p u t  ou r  e x p r e s s i o n  f o r  t h e  ene rgy  i n  a s i m i l a r  s o r t  o f  
way. We had i t  as a f u n c t i o n  f -  ^2 /
0  T I
T h is  in d e x ,  -  a2 * V
cT
i
may be p u t  as  -  Za2
 ^ kT
where t h e  p a r t  Q-2^  i s  c o n s t a n t .  i'j
- I t t k c v l ” we have t h e  ene rgy  as a f u n c t i o n  o f  g -  ^
where h i s  g i v e n  by
-  h &2 ' k
c
Let  us  i n v e s t i g a t e  more o f  i t s  v a l u e .  S u b s t i t u t i n g  f o r  Nig
lA/t Ao-O (
(6 6 ) E - ___ s j__ . V
BTc ( eP-1 ) 
and from ( 6 6 " ) / u t I  _
U 2 / “
t h e r e f o r e ,  u s i n g  ( 6 7 )




( e '  - t )
I t  now re m a in s  t o  j u s t i f y  t h e o r e t i c a l l y ,  t h e  a s s u m p t io n  
t h a t  we may w r i t e
â-X c . Q-f ^ X _______
A5.{eP -1 )
o r  U j d y  -  a ,
e^( -1 )
o r  i n  o t h e r  words
^ ^ where  p a2 ))
8]yo(eI^ _1 ) cT
-  h .  V  p _2. ÏLÏ
and w here  a ,  8 /fch 
ag -  ^
The two E x p r e s s i o n s  f o r  t h e  number o f  v i b r a t i o n s  o r
v i b r a t i n g  s y s te m s  b e tw e e n  ^ a n d ())-d’i l  ( s e e  (5 6 ) and (5 7 ) . )
iTgenot o p e n  t o  any q u e s t i o n  and c o n s e g e n t l y  t h e  e x p r e s s i o n
kT f o r  t h e  a v e r  ge e n e rg y  i s  s u s p e c t .  T h is  amounts t o  s a y i n g
t h a t  t h e  p r i n c i p l e  o f  e q u i t > a r t i ÿ t i o n  o f  e n e rg y  id" f a u l t y .
T h is  e q u ip aT b i t io n  o f  en e rg y  p r i n c i p l e  i s ,  however  a n e c e s s a r y
c o n s eq u en c e  o f  t h e  c l a s s i c a l  d y n am ics ,  and t h e  r em o v a l  o f
t h i s  e q u i p a r t i t i o n  o f  e n e rg y  p r i n c i p l e  would  ca u se  t h e  
s h a t t e r i n g  o f  c l a s s i c a l  m e c h a n i c s .  Hence,  t h e  o n ly  way t o
t o  make f u r t h e r  p r o g r e s s ,  as P l a n c k  a p p r e c i a t e d  a t  t h e  c l o s e
o f  t h e  l a s t  c e n t u r v .  was t o  m odify  th e m .  The e x p o n e n t i a l  i n
e q u a t i o n  ( 6 6 ) ,  ^ , and o t h e r  f o rm u la e  ab o v e ,  s u g g e s t s
how we should- p r o c e e d .  I n  M a x w e l l ' s  d i s t r i b u t i o n  f o r m u l a  i n
t h e  k i n e t i c  t h e o r y  o f  g a s e s ,  we have  t h e  e x p o n e n t i a l  : -
— e n e rg y  o f  a  m o le c u le  
e kT
and we a r e  l e a d  t o  c o n t e m p l a t e  o i l y  s u c h  enèurgy t r a n s f e r e n c e s  
o f  amounts e q u a l  t o  n ,h V  a t  a  t im e  (where  n  i s  an  i n t e g e r ) .
B e f o r e  making t h i s  v i t a l  s t e p ,  P l a n c k  c o n s i d e r e d  v e r y
c a r e f u l l y  t h e  e x p r e s s i o n  f o r  t h e  number o f  v i b r a t i o n s  : -
2 
Tc
and b e i n g  s a t i s f i e d  t h a t  i t  v/as c o r r e c t ,  t r i e d  t o  f i n d  an 
a s s u m p t io n  w h ich  would  j u s t i f y  w r i t i n g  t h e  a v e ra g e  e n e rg y  E a s
(w here  p ^  iiÿ  )
e® -  1 kT
To do t h i s ,  he s u p p o s e d  t h a t  t h e  w a l l s  o f  t h e  e n c l o s u r e
were  made up of  o s c i l l a t o r s ,  each  o f  w hich  c o u l d  v i b r a t e  w i t h  
i t s  own p a r t i c u l a r  f r e q u q n c y ,  )J , and the  en e rg y  o f  w hich  
was an  i n t e g r a l  m u l t i p l e  o f  h))»
I n  t h i s  way, he s u c c e e d e d  i n  a r r i v i n g  a t  t h e  f o r m u l a  f o r t  
Ê  , g i b e n  ab o v e ,  namely
E -  J U L _
-  1
u .
P l a n c k ’ s F o rm u la  f o r  t h e  D i s t r i b u t i o n  o f  Energy  i n  t h e
^ S p e c t r u m  o f  a  B la c k -B o d y .
. L  -i---------------------------------------------
We s h a l l  n o t  a r r i v e  a t  t h e  f o r m u l a  f o r  t h e  d i s t r i b u t i o n  
o f  e n e r g y ,  i n  e x a c t l y  t h e  same way as  t h a t  i n  w h ich  P l a n c k  
a r r i v e d  a t  i t •
We s h a l l  s u p p o s e  t h a t  we have  a  d e f i n i t e  number o f  
s y s t e m s ,  ( s a y  H , )  and t h a t  B i s  made up o f  numbers o f  
s y s t e m s  o f  d i f f e r e n t  e n e rg y  v a l u e s ,  s a y  we h a v e ,
w i t h  t h e  en e rg y  E<|
2^2 ” " ” E2
e t c :
and  i n  g e n e r a l
H w i t h  t h e  e n e rg y  E s s
We s h a l l  t h e n  c o n s i d e r  t h e  t h e  v a r i o u s  ways Èn w hich
t h e  d i s t r i b u t i o n s  o f  t h e s e  numbers  c a n  be made, so  t h a t
t h e  t o t a l  number E r e m a in s  t h e  same, and so  t h a t  t h e
t o t a l  e n e rg y  r e m a in s  c o n s t a n t .  The t o t a l  e n e r g y ,  E ,
must be  e q u a l  t o  t h e  sum o f  Eg.Eg , and  IT w i l l  be t h e
sum o f  E . T h a t  i s  8
N -'ÀMif- Kg-/   -, Kg + . . .
and E ^ ^ K ^ + KgEg-/ K^E^^ '" 'K g E g
s o  t h a t  E -  ^  K .Eg _ f  E
K E~ “  4. s s
where f g h a s  b een  w r i t t e n  f o r  ^
K _
E i s  th e  average  en er g y ,  -  E
a
and s i n c e  f i ; f2 r. I 2 ;
K K
i t  f o l l o w s  t h a t  
(70  ) f , 4 f t  > • • •♦ •  4 f g 4 • • •!! ^
£»
(70’ )
8 ^  S. + I .  I 3 f  . . .  -  1E E E
s i n c e I ®S
Let  u s  c o n s i d e r  t h e  v a r i o u s  ways i n  which  t h e  
e n e rg y  o f  t h e s e  sy s te m s  may be d i s t r i b u t e d  among them, and 
w h ich  d i s t r i b u t i o n  i s  most l i k e l y  t o  o c c u r .  Then h a v i n g
-i
found  t h e  d i s t r i b u t i o n  w h ich  i s  most p r o b a b l e , we must 
assume t h a t  t h i s  d i s t r i b u t i o n  i s  u l t i m a t e l y  e s t a b l i s h e d .
I t  w i l l  be t h e  d i s t r i b u t i o n  c o r r e s p o n d i n g  t o  s t a t i s t i c a l  
e q u i l i b r i u m ,  namely  t h e  s t a t e  w i t h  which  we a g r e e d  t o  
a s s o c i a t e  maximim en t r o p y .
L e t  us compare t h e  d i s t r i b u t i o n  w i t h  t h e  p l a c i n g  o f  
b a l l s  i n  r e c e p t a c l e s .  I f  we have a d e f i n i t e  number o f  
b a l l s  -  s a y  s i x ' V  and two b o x e s ,A  abd B and l e t  u s  f i x  on 
a p a r t i c u l a r  d i s t r i b u t i o n ,  s a y  we would have f o u r  i n  A, 
and S i n  B. Then t h e  number o f  ways i n  which  t h i s  d i s t r i b u t i o n  
can  be made, i s
6 J____
4 1 2  1 
d i f f e r e n t  w a y s .
We a r e  g o in g  t o  assume t h a t  t h e  r e c e p t a c l e s  a r e  e x a c t l y
A. pYiovi
a l i k e , and t h a t  t h e ^ ^ p r o b a b i l i t i e s  a s s o c i a t e d  v / i th  them a r e  
t h e  same. We a r e  a l s o  a s sum ing  t h a t  t h e  p r e s e n c e  o f  a b a l l  
a l r e a d y  i n  a box does n o t  p r e v e n t  a n o t h e r  b a l l  f rom  coming 
i n t o  t h e  same b o x .  We c o u l d  have o t h e r  d i s t r i b u t i o n s ,  s u c h  as  
6 i n  A and 0 iri B , w h ich  c o u l d  be done i n  on ly  one way.
o r ,  we m ig h t  h av e  h a d  5 i n  A and 1 i n  B f  6 W^'js)
4 i n  A and 2 i n  B \
and so  on .  I 2 /
T h e r e f o r e  t h e  t o t a l  number o f  d i f f e r e n t  ways i n  w h ich
we c a n  make t h e  d i s t r i b u t i o n ,  i s
( 72 ) 1 t  6, i  6 . 3  f  6 . ^ . 4  4- . . .  t  1 n  2^
\ \  21 5 ’.
d i f f e r e n t  w ays .  T h e r e f o r e ,  i f  we d i s t r i b u t e  t h e  b a l l s  a t
random t h e  c h a n c e s  o f  a  4 i n  A and  2 i n  B , d i s t r i b u t i o n ,  i s
as  t h e  r a t i o  o f  ( t h e  ’ways o f  d i s t r i b u t i n g  4 i n  A and  2 i n  B )
t o  ( t h e  t o t a l  number o f  w a y s ) .  T h a t  i s  t h e  r a t i o  i s
(  t h e  e x p r e s s i o n  ( 7 1 ) . )  t o (  t h e  e x p r e s s i o n  ( 7 2 ) . ^
(7 5 )  T h a t  i s  6 l __ -f 2^
41 21
I n  t h e  g e n e r a l "  c a s e  o f  E b a l l s  and n  b o x e s ,  t h e  c h a n c e  o f  
a  p a r t i c u l a r  d i s t r i b u t i o n  i s
(7 4 )  K X ( n ~ ^ )
Hi'. Hg I . . I
I n  t h i s  we h ave  a g r e e d  t o  l e t  " c e r t a i n t y ' '  be r e p r e s e n t e d  
by  u n i t y .  I f  we a g r e e  t o  l e t  c e r t a i n t y  be ^9  
t h e n  t h e  p r o b a b i l i t y  ( u s e d  i n  t h i s  s e n s e ,  g e n e r a l l y  c a l l e d  
” t h e  thermm dynamic p r o b a b i l i t y " ) ,  P ,  becomes
( 75)  P -  El_________
E-| • Eg,.* «E]^’
I t  f o l l o v / s ,  t h e n  t h a t  
l o g  P -  l o g  El - (  logE<|! + l o g  Eg! . . . -flog E^.) 
By S t i r l i n g ’ s t h e o r e m ,  t h a t  l o g  El E . l o g  E, 
when E i s  v e r y  b i g ,  i t  f o l l o w s  t h a t
ÜÛ
l o g  P E l o g  E -  X Eg l o g  iSig 
-  L l o g  E -  J  ^
77 0 o
(81
■f ri . e  1 0 ^ P -  E lo g  E _ ^ E fg l o g  fg _ \ IJ .fg l o g  E
-5- ^
-  E lo g  E -  \  E . f g  l o g  fg _ E logE I  fg
0 c
J) , ~  ( u s i n g  (7O).0
è) I f  we w r i y t e  l o g  p j- y
th e n  1)1 ^  fg lo g  f^
I t  f o l l o w s  t h a t  t h e  most p r o b a b le  d i s t r i b u t i o n  i s  t h a t  
f o r  which  P Zand hence yj i s  a maximum 
D i f f e r e n t i a t i n g  ( 7 6 ) and e q u a t i n g  dÿ t o  z e rp  
7?) ai|J -  0 -  -  E .y  ( l o g  f^  I  1 ) . dfg
T h is  d i f f e r e n t i a t i o n  must be c a r r i e d  out u n d e r  t h e  c o n d i t l o n r  
o f  c o n s t a n t  ene rgy  and c o n s t a n t  E, t h a t  i s  
z. 0 and dE =. 0 zl ^  E g . dfg 
T h e r e f o r e  we must have th e  t h r e e  f o l l o w i n g  e q u a t i o n s  ho Irving
ns) 2 l o g  0
179) 7  E . d f  -  0^  s s —
160) y  d f  -  0
8 -
I n  o r d e r  t h a t  t h e s e  t h r e e  h o ld  s i m u l t a n e u u s l y , we must have 
lo g  fg " p g  -  ^ -  0
and c o n s e q u e n t l y ,  on i n t e g r a u i n g
(82) f  _8 —
where 1, |  , and B a r e  a l l  c o n s t a n t s
T h is  v a l u e  o f  f ^  i n  ( 6 2 ) c o r r e s p o n d s  t o  a maximum o f  ÿ . 
S u b s t i t u t i n g  f o r  f^ i n  ( 7 6 ' ) and w r i t i n g  f o r  t h e  max. o f  ÿ 
(85) -  - E Ï B e “ Î^S( l o g  B -  |iEg) -  -E l o g  B j) E
s in c e ^ f g  ^  1 
t h u s  we have
i s  -E lo g  B
fo
d u p p o s e ,  now, t h a t  we change E by a  s m a l l  amount dE, and 
t h a t  dy^ i s  t h e  r e s u l t i n g  change i n  
D i f f e r e n t i a t i n g  ( 8 5 ) ,  t o  f i n d  dU^, we g e t  ; - 
afjjj n  -MdB t   ^ dE f  E .dp
( s i n c e  B a n d p w i l l  no l o n g e r  r em a in  c o n s t a n t  i f  E c h a n g e s . )
We a r e  aaauming t h a t  K s u f f e r s  no change ,  i . e .  t h a t ^ f y  r e m a in s
t h e  same. T h e r e f o r e ,  „
iV  r  r  E -EsP«L^fg -  0 -  dB /_ ® _ B /  • e I. d|3
i . e .  0 -  &B -  E.dfi
B I  I
s u b s t i t u t i n g  t h i s  f o r  Ô3 i n  t h e  e x p r e s s i o n  f o r  àEm, we g e t
(84 ) dTjlj^  - - E .d ^ K  f  p dE E.dj) -  j) dE
We must now f i n d  so m e th in g  o u t  abou t  t h e  c o n s t a n t s a n d  B 
I f  we a s s o c i a t e  w i t h  t h e  s t a t e  o f  maximum e n t r o p y ,  t h e  
s t a t e  o f  g r e a t e s t  p r o b a b i l i t y ,  t h e n  l e t  u s  p u t  : -
g'Vm -  ^
where g i s  some c o n s t a n t  and 0 i s  t h e  c o r r e s p o n d i n g  e n t r o p y .
D i f f e r e n t i a t i n g  t h i s ,  and s u b s t i t u t i n g  f o r  dE , v;e g e t  : -
' m
d 0 gj] .dE
and t h e r e f o r e p g  d 0
‘ dE
w h ich ,  by t h e  d e f i n i t i o n  o f  e n t r o p y ,  i s  a m easure  o f  th e  
r e c i p r o c a l  o f  t e m p e r a t u r e  
t h e r e f o r e ,  g^ . zi 1
o r  6 - 1  
1 gT
T his  g i s  I W b  i d e n t i c a l l y  t h e  same as k ,  B o l t z m a n n 's  
c o n s t a n t ,  and t h e  law t h a t  t h e  e n t r o p y  i s  p r o p o r t i o n a l  t o
7/
t h e  l o g a r i t h m  o f  t h e  p r o b a b i l i t y  i s  known as B o l tz m a n n 's  law.
We can  f u r t h e r  d e m o n s t r a t e  t h a t  t h i s  c o n s t a n t  i s  an 
e q u i v a l e n t  o f  t h e  r e c i p r o c a l  o f  t e m p e r a t u r e ,  by c o n s i d e r i n g  
t h e  s t a t i s t i c a l  e q u i l i b r i u m  o f  two a s sem b lag es  A and B, t h e  
t o t a l  ene rgy  o f  w h ich ,  E, rem ains  c o n s t a n t ,  w h i le  t h e i r  
i n d i v i d u a l  e n e r g i e s  v a r y ,  s u b j e c t  t o  t h i s  c o n d i t i o n ,
(8 6 ) E -  E^ + E^ •
where E^ i s  t h e  ene rgy  o f  t h e  assem blage  A and E-j^  t h a t  off B 
I f  and Pb a r e  t h e  p r o b a b i l i t i e s  t h a t  A and B a r e
i n  c e r t a i n  s t a t e s ,  t h e n  t h e  combined p r o b a b i l i t y  t h a t  
th e y  a r e  so a t  t h e  same i n s t a n t  i s
F -
(86’ ) and hence IjJ z. Vg, + Wt)
D i f f e r e n t i a t i n g  ( 8 6 ) and ( 8 6 ' )
d? -  dVa + %
and dE ^  dEg^  4 dE-^
B u t  t h e  c o n d i t i o n  f o r  e q u i l i b r i u m  ( s t a t i s t i c a l )  
o f  t h e  two sys tem s  i s  t h a t  
d? -  0
dE -  0
and t h e r e f o r e ,  s u b s t i t u t i n g  i n  ( 8 ?)
( 8 7 )
(8 7 '  )
dE i  dE -  0a D
and ,  by (84)
&Va -  âEa.f  a 
dl^B z. b
and t h e r e f o r e ,  s u b s t i t u t i n g .
a  -  P b -  0
(8 8 ) whence ji ^ %
T h is  i s  t h e n  t h e  c o n d i t i o n  t h a t  two a s s e m b la g e s  be  i n  
s t a t i s t i c a l  e g u i l i b r i u m  w i t h  one a n o t h e r .
I f  P 1
I k l
t h e n  t h i s  c o n a t i o n  f o r  s t a t i s t i c a l  e q u i l i b r i u m  i s  t h a t  
^ a  -  ^b
T ha t  i s  t o  s a y  i f  t h e  t e m p e r a t u r e s  o f  t h e  two a s s e m b la g e s  
a r e  t h e  same, t h e n  t h e r e  w i l l  be a  s t a t e  o f  s t a t i s t i c a l  
e q . i u l i b r iu m  b e tw e e n  them .
S u p p o se ,  now t h a t  t h e  two sy s tem s  have n o t  r e a c h e d  
eçi.uil i b r i u m ,  t h e n ,  by t h e  s e c o n d  law o f  th e rm o d y n a m ic s ,
0 must i n c r e a s e ,  o r  d 0 must be g r e a t e r  t h a n  z e r o .  T h a t  i s  
t o  s a y ,  dV must be g r e a t e r  t h a n  z e r o ,  and t h e r e f o r e  
dE .B -  dE .6 , must be g r e a t e r  t h a n  Ba r 3* a l b
S uppose  t h a t  dEg^  i s  p o s i t i v e ,  
t h e n ,  ( î a > p h  "
i . e ,  e n e rg y  w i l l  f low  t o  t h e  sy s tem  w i t h  t h e  g r e a t e r  » 
o r  t o  t h e  sy s te m  w i t h  t h e  l e s s e r  ^  , i . e .  en e rg y  w i l l  
f lo w  t h  t h e  sy s te m  w i t h  t h e  l e s s e r  t e m p e r a t u r e ,  T.
We have t h u s  found an e x p r e s s i o n  f o r   ^ . To f i n d  
a  v a l u e  f o r  t h e  o t h e r  c o n s t a n t ,  B, o f  e g .u a t io n  ( 8 3 ) , we 
c o n s i d e r  t h e  e x p r e s s i o n  t h a t  we had  f o r  f ^ , namely
f  _s -
I f  we sum fo f o r  a l l  v a l u e s  o f  s from o t o  ®, , we g e t
W'
1
(8 9 ) and t h e r e f o r e  B — -
I
T O  e v a l u a t e  t h e  o f  t h i s  e x p r e s s i o n ,  w e
have  t o  make u s e  o f  P l a n c k ’ s q.uantum c o n d i t i o n ,  t h a t  t h e  
en e rg y  exchanges  can  o n ly  t a k e  p l a c e  i n  i n t e g r a l  m u l t i p l e s  
o f  t h e  q u a n t i t y ,  hV .T h a t  i s  t o  s a y ,  f o r  , we s u b s t i t u t e  
O^ .h),) j El as l . h y  \ e t c : ,  i n  g e n e r a l  Eg as _s .h)^ 
and t h e r e f o r e  ^  g ' f ^ s  n. ( 1 + e “ f ^ ^  ^  ^ . . .  )
1
w r i t i n g  p a s  1_ a n d  s u b s t m t û t i n g  i n  ( 8 9 ) ,  w e  g e t  
‘ kT _ h ' )
( 8 9 ' )  B -  1 -  e
The a v e r a g e e n e rg y ,  E, i s  e q u a l  t o  ^  ^ s ^ s
and i s  t h e r e f o r e  e q u a l  t o  ^  B , s h ^ .  where p z. ^
—"D *“ 2p
^ B . h y . e — 1 + 2e -f 3® • • •)
t h e r e f o r e ,  s u b s t i t u t i n g  f o r  B, we g e t
■ -A
9 0 '  ) t l q a t  i s  E - h v
- 1
S u b s t i t u t i n g  t h i s  v a l u e  f o r  g t h e  r a d i a t i o n  fo rm u la ,  we g e t
2
c3 g«^/kT _ ,
(9 2 ) E dA X. d ^ . o b .  dA
 ^ V c; tÇZ
n .
Thus we s e e  t h a t  t h e  ” r e q u i r e d  c o n d i t i o n ” t o  o b t a i n  
a  f o r m u l a  w h ich  a g r e e s  w i t h  t h e  e x p e r i m e n t a l  o lo s e r v a t i o n s  
i s  t h a t  t h e  e n e rg y  i s  an  i n t e g r a l  m u l t i p l e  o f  hjJ 
w here  h i s  P la n c k ^  s c o n s t a n t  and i s  t h e  f r e q u e n c y  o f  
t h e  r a d i a t i o n .
We c a n ,  f rom P l a n c k ’ s law  o f  e n e rg y  d i s t r i b u t i o n ,  
o b t a i n  a  v a l u e  f o r  cT, t h e  c o e f f i c i e n t  o f  t o t a l  r a d i a t i o n ,  
o r ,  i f  we assume t h e  e x p e r i m e n t a l l y  o b s e r v e d  v a l u e  f o r  cr 
and a l s o  t h e  e x p e r i m e n t a l  v a l u e  f o r  t h e  c o n s t a n t  o f  Wien^s 
d i s p l a c e m e n t  law ,  we can  c a l c u l a t e  t h e  v a l u e  f o r  h and k ,  
( P l a n c k ’ s and B o l t z m a n n ’ s c o n s t a n t s ) .
We d e f i n e d  u ,  t h e  e n e rg y  d e n s i t y ,  as  t h e  i n t e g r a l
u  -
an d ,  f rom  P l a n c k : s law ,
u , d V  à  Sffhlj ^ . d V
and t h e r e f o r e ,  by t h e  S t e f a n - B o l t z m a n n  la w ,  u  aT^
c^  -1
-  where  x  -  hjy
h c^ * e^  -1 kT
h e n c e ,  we have




^ ^ - n x .S in c e 'i 00/  X ® . d x  -  _6 and Y  i  . X
, n" 50
t o  z e r o .
S u
t h e r e f o r e  ^  a .c  ^  2  .T .k
4- 19
- 2 7
g i v i n g  h th e  v a lu e  ( 6 . 9 4 7 ) .  10 e r g . s e c " ’'
and k " " (1 .9 7 0 8 ) .1 0  e r g . d e g ”^
" c " " (2 J 9 9 4 ) .  10^0 cm '
we c a l c u l a t e  cT as (9 - 7 1 9  ) .lO"-^ erg.cm"^ .d eg '^ ^ .sec" ’
Wien^s c o n s t a n t ,  i s  a c c o r d in g  t o  th e  d isp la c e m e n t  law  
eq u a l  t o  A ^ . T , and we can g e t  from e q u a t in g  dE^
dA
From P la« înck 's law ,  t h e r e f o r e ,  d i f f e r e n t i a t i n g ,  we g e t
e “^ c. 9( 1 - e ~ ^ )  where,  as b e f o r e  x  ^  h^". c L  
and t h e r e f o r e
X -  4 . 9 6 9 1 .
or  b _ch—  __ . 2869  ( u s i n g  t h e  v a lu e  1 .4 9 1 7 f o r  ch ,
k .  4 .9691  . >
The e x p e r im e n ta l  v a lu e s  o f  t h e s e  c o n s t a n t s  are g i v e n  here ; _ 
C a lc u la t e d  v a lu e  E xp er im en ta l  v a lu e
f . ( -  I T i ' - K .  - 9 . 7 1 3  . to"'^ 5 . 7 9 9 . 10"^
15 hrf
b, . ( n  _Sb   = . 2869  . 2 9 4 0
k .  4.9691
n .
E i n s t e i n » s  D e d u c t io n  o f  P l a n c k ’s Law
When P l a n c k  f i r s t  deduced  t h e  law f o r  t h e  d i s t r i b u t i o n  
o f  Energy i n  t h e  sp e c t ru m  o f  a b l a c k - b o d y ,  he had t o  i n t r o ­
duce t h e  i d e a  o f  an  " o s c i l l a t o r ” as t h e  ” g o -b e tw e e n ” o f  t h e  
r a d i a t i o n  and t h e  m a t t e r  w i t h i n  t h e  u n i fo rm  t e m p e r a t u r e  
e n c l o s u r e .  He was f o r c e d  t o  i n t r o d u c e  t h i s  i d e a  o f  a »' d ip o l .e  
o s c i l l a t o r ” , b e c a u se  t h e  mechanism of  e m is s io n  and a b s o r p t i o n  
o f  en e rg y  by atoms was n o t  known a t  t h e  t im e .  I t  was n o t  
u n t i l  ab o u t  1912 o r  1915, t h a t  Bohr p u b l i s h e d  h i s  t h e o r i e s  
abou t  s p e c t r a l  r a d i a t i o n .  He a s s o c i a t e d  i n  a tom s,  d i f f e r e n t  
l e v e l s  o f  ene rgy  t h e  e l e c t r o n  o r b i t s ,  and he su p p o sed  
t h a t  when an e l e c t r o n  was t r a n s f e r r e d  from one o r b i t  
a n o t h e r ,  t h a t  an  amount o f  en e rg y  e q u a l  t o  h)J was r a d i a t e d ,  
where )J i s  t h e  f r e q u e n c y  o f  t h e  r a d i a t i o n  e m i t t e d .  That  i s  
t o  say[, i n  t h e  t r a n s f e r e n c e  from an o r b i t  o f  en e rg y  Eji t o  
one o f  en e rg y  E^, r a d i a t i o n  o f  f r e q u e n c y  i s  e m i t t e d ,  
su c h  t h a t
%n -  Em :: k'Xam
E i n s t e i n  su p p o sed  t h a t  a  number o f  t h e s e  P l a n c k  v i b r a t o r s  
were p l a c e d  i n  a c o n s t a n t  t e m p e r a t u r e  e n c l o s u r e , and i n v e s t ­
i g a t e d  t h e  n a t u r e  o f  t h e  en e rg y  exchanges  due t o  t h e  e m i s s i o n
A'
and a b s o r p t i o n  o f  en e rg y  by them, i n  a v/ay im p l i e d  by e q u a t i o n
( 9 2 ) .
L et  be t h e  number h a v i n g  t h e  e n e rg y  E^
It ” rr IT IT IT
& ” ” ” d e n s i t y  o f  t h e  r a d i a t i o n  o f  f r e q u e n c y  Vma*
Then, i f  t h e  r a d i a t i o n  o f  t h i d  f r e q u e n c y  f a l l  on an atom i n
t h e  s t a t e  E , i t  may be a b s o rb e d  by i t ,  and r a i s e d  t o  t h e  
m
l e v e l  E^. I f  I s  t h e  p r o b a b i l i t y  t h a t  t h e  r a d i a t i o n  
be a b s o r b e d ,  t h e n  t h e  amount o f  t h e  r a d i a t i o n  a b s o rb e d  w i l l  
be e q u a l  t o  t h e  p r o d u c t
(94) ^m'^nm'^mn  ^ p e n i  u n i t  t i m e . )
The amount o f  r a d i a t i o n  e m i t t e d  w i l l  be d i v i d e d  i n t o  two 
p a r t s .  F i r s t l y ,  t h a t  e m i t t e d  s p o n t a n e o u s l y  by t h e  atoms
( e q u a l  t o  m u l t i p l i e d  by t h e  p r o b a b i l i t y  f a c t o r  t h a t  t h e
atoms w i l l  e m i t ,  i . e . ^ n ' ^ m  ) and s e c o n d l y ,  t h a t  emithcd vnhr
mf/oCKice oj-
t h e / r a d i a t i o n  a l r e a d y  p r e s e n t , (  e q u a l s  n  nm'^^nm. inhere 
Rnm i s  t h e  p r o b a b i l i t y  f a c t o r  o f  e m i s s i o n  and i s  n o t ,  as
T -
f a r  as  we know, y e t ,  e q u a l  t o  mn. )
S in c e  we have  assumed a s t a t e  o f  e q u i l i b r i u m  t o  e x i s t
w i t h i n  t h e  c o n s t a n t  t e m p e r a t u r e  e n c l o s u r e ,  we must t h e r e f o r e  
e q u a t e  t h e  amounts o f  r a d i a t i o n  e m i t t e d  and a b s o r b e d .
i . e .  — ^n(^mn t  ^nm'^nm)
^n'^mn -  \ ' f c i m ' V  ‘  \ - ^ n m ' V ' ^
t h a t  i s  u^,g -  T^n-^mn_______
f hmy, • — By, . b.
(95
’m' mn n" nm 
3-mn
^mn* —  ~ ^nm
n
I f  we assume t h e  c a n o n i c a l  law o f  d i s t r i b u t i o n  t o  h o l d ,
t b e n .  ^  A .ê  A .e ‘ ®“ /kT
and t h e r e f o r e ,  E^  ^ -  ^4-(I^n-^,g.mj
%
and t h e r e f o r e ,  u s i n g  ( 9 9 ) ,
Nm
n
S u b s t i t u t i n g  t h i s  i n  ( 9 5 ) ,  we g e t  : -
^nm/b nm
' i ü  -  hmn h
-1
nm
S in c e  we have been c o n s id e r in g  on ly  r a d i a t i o n  o f  a p a r t i c u l ­
ar freq u en cy ,  y ^ ,  i t  fo l lo w s ,  t h a t  th e  eq u a t io n  ( 9 6 ) i s  the  
e x p r e s s io n  f o r  th e  v a r i a t i o n  o f  th e  energy d e n s i t y  u ^  w ith  
tem perature .  I f  t h e r e f o r e ,  we makk T—^  pq we know th a t  Unm 
must a l s o  approach qd , and f o r  t h i s ,  the  denominator o f  (<^ ) 
must approach z e r o .
S ince V ^)W /VT .  \— 7 0 , ( because  e -e-y  ^ aS T —^  o«d
h)




where as u s u a l ,  p s tand s  f o r
kT
But f o r  sm a l l  v a lu e s  o f  V, th e  eq u a t io n  (97)  must 
approach th e  c l a s s i c a l  form ula ,  and, t h e r e f o r e ,  making )/'—  ^ 0
. 1  -
'nm/ N
and t h e r e f o r e , p^ nm
nm
- 81ih y ^
3
and on s u b s t i t u t i n g  t h i s  i n  (97)  we g e t  Planck» s formula,  
u .  -  BTihy ^
3 P 
° ( e  - 1 )
nThese c o n s i d e r a t i o n s  by E i n s t e i n ,  which  a r e  c h i e f l y  o f  
h i s t o r i c a l  im p o r ta n c e ,  l e a d  t o  an i n t e r e s t i n g  p a p e r  bÿ 
Strum , v /he re in  he c o n s i d e r s  t h e  p o s s i b i l i t y  o f  g e n e r a l i s i n g  
P l a n c k ’ s law, by w id en in g  t h e  c o n s i d e r a t i o n s  o f  E i n s t e i n ,  
and he deduces a p o s s i b l e  v a r i a t i o n  i n  t h e  v a lu e  o f  cT, t h e  
S te f a n -B o l t z m a n n  r a d i a t i o n  cons^tnt .
Strum c o n s i d e r e d  t h a t  t h ^  p r o b a b i l i t y  o f  e m is s io n ,  w h ich  
we have c a l l e d  b ^  i n  t h e  p r e v io u s  p a g e s ,  s h o u ld ,  i n s t e a d  o f  
menely b e i n g  p r o p o r t i o n a l  t o  t h e  d e n s i t y  u^^  ^ , s h o u ld  be some 
f u n c t i o n  o f  t h e  d e n s i t y ,  F ( u ) ,  where F i s  g iv e n  by 
(98 ) F (u )  ^  + Bu ÿ Cu^ ( n e g l e c t i n g  h i g h e r  powers)
and t h e  p t o b q b i l i t y  o f  a b s o r p t i o n  s h o u ld  be : _
(98») f ( u )  ^  a + bu t  cu^
b a s i n g  h i s  c a l c u l a t i o n s  on t h e s e  a s s u p t i o n s ,  he deduces  
t h a t  t h e  d e n s i t y  o f  r a d i a t i o n  o f  a p a r t i c u l a r  f r e q u e n c y  V, 
s h a l l  b e ,   ^ ^
W9)
' I , -
( c P - l ) (ep_i  )2 where p -  h j
kT
and where k and f a r e  c o n s t a n t s .
Strum i n t e g r a t e s  t h i s  e x p r e s s i o n  f o r  u^ t o  g e t  u
CO
199'} u  -  / u ,d))  _ a l4  -
° 0
( Where we have w r i t t e n  c_ f o r  t h e  v e l o c i t y  o f  l i g h t  t o
d i s t i n g u i s h  i t  f r o n  t h e  » c » o f  e q u a t i o n  ( 9 8 ») . )
From (99)  and ( 9 9 ’ ) ,  he g e t s  f o r  6’
STT^  .k^ f  (  6 .4 7 5 6 8 .k'^o] T^
A ' h )  ^ h? ^
The v a l u e  f o r ^  he m a i n t a i n s  can  he c a l c u l a t e d  füfvm (99 )
fo
He obtained, from the  P h y s i k a l s c h  T ech n isch en  R e i c h s a n t a l t  
an average v a lu e  o f  o ,  as 0 ^ 5 . 7 7  xio""^ e r g .  s e c " ’ deg”4 om~  ^
He m ainta ined  t h a t  th e  c a l c u l a t e d  v a lu e  f o r  C i s
-  {5 . 7 1 5 . -  0 .0 0 9  ) x i o " ^ .
The d i f f e r e n c e  between t h e s e  two, ha m a in ta in s  i s  o f  the  
order  o f  th e  second term o f  the  e x p r e s s io n  f o r  o  ( where  
the  f i r s t  term g i v e s  th e  u s u a l  P la n ck  formula v a l u e . )
He a s s e r t s ,  t h a t  on t h e s e  a ssu m pt ion s ,  t h a t  the  energy
w i l l  be g iv e n  by E, ^  cJ ± Cv *
 ^ '  3__
( f i l  ):
where t h e  v a lu e  o f  t h i d  t h i r d  c o n s ta n t  c^ can be c a l c u l a t e d
from th e  d i f f e r e n c e  between the ex p e r im e n ta l  and t h e o r e t i c a l
-5
v a lu e s  o f  (S, C a l l i n g  t h i s  d i f f e r e n c e  dô' ( .06 x  1C )
th e n  c.% must he . 1 . ( ^ ° /k  I'^.dcr
8 " 2lt 6 . 47568
^  1 . 8 2  X 10"^
The c r i t i c i s m  o f  t h i s  c o n c lu s i o n  i s  t h a t ,  i n  th e
f i r s t  p la c e  no i n d i c a t i o n  i s  g iv e n  o f  the  way i n  Virhich th e
t h e o r e t i c a l  v a lu e  f o r  C  was obtained*, o f  th e  p o s s i b l e
e r r o r s  i n  th e  v a l u e s  o f  th e  c o n s t a n t s  from which i t  was
o b ta in e d .  S e c o n d ly ,  t h a t  th e  more r e c e n t  v a lu e s  o f  cr
show a v a r i a t i o n  o f  much l e s s  than  the  e a r l i e r  v a l u e s ,
“5
-  a v a r i a t i o n  o f  about .OS xIO and th e  mean v a lu e  o f  
th e  measurements ( as c a l c u l a t e d  by Hoa r e , s e e  l a t e r . )  
g i v e s  th e  mean ex p e r im e n ta l  v a lu e  o f  C as (T 5 . 735  x 10 
which d i f f e r s  from th e  v a lu e  c a l c u l a t e d  from v a lu e s  o f
h,  k ,  and c ,  g i v e r  e a r l i e r  (z. 5 . 7 1 3  x  10 "^ ) by .022  x 10 ^  
ad compared w ith  th e  v a lu e  f o r  dd' o f  o.06, g iv e n  by Strum.
About t h e  same t im e  as  t h i s  p a p e r  o f  S t r u m ’ s w,-s
p u b l i s h e d ,  a n o t h e r  one was g i v e n  mn t h e  same s u b j e c t
by  Majumdar and K o t h a r i  , w h ich  c r i t i c i s e d  b o t h  E i n s t e i n ’ s
d e d u c t i o n  and a l s o  B o s e ’ s , t h e  f o rm e r  on t h e  g ro u n d s  t h a t
t h e  r a t i o  a  : -h-nm c a n n o t  be d i r e c t l y  c a l c u l a t e d ,  and nm ^
t h e  l a t t e r  b e c a u s e  o f  a s s u m p t i o n s  v/hich t h e  w r i t e r s  c l a s s  
a s  " a r b i t a r y * ‘; f o r  e x a m p le ,  t h a t  he u s e s  t h e  m a t h e m a t i c a l  
p r o b a b i l i t y  i n s t e a d  o f  t h e  th e rm o d y n a m ic a l  o n e ,  and  a l s o  
t h a t  t h e  Bose f o r m u l a  does  n o t  r e d u c e  t o  t h e  c l a s s i c a l  one 
a s  i t  s h o u l d .
The w r i t e r s  c l a i m  t o  o b t a i n  P lanck 's  f o r m u l a  w i t h o u t  
a s s u m p t i o n s  o f  t h i s  k i n d ,  b u t  a l t h o u g h  i n t e r e s t i n g ,  t h e i r  
p a p e r  i s  mot w o r th  c o n s i d e r i n g  i n  f u r t h e r  d e t a i l ,  f o r  
o u r  p r e s e n t  p u r p o s e .
7&ik. j. phis. ho. 
cr) «' • 0-1-. 3 9^4.
H.
We have  a r r i v e d  a t  P l a n c k ’ s f o r m u l a  by a d o p t i n g  t h e  u n d u l a t o r y  
t h e o r y  o f  t h e  n a t u r e  o f  r a d i a t i o n  and a p p l y i n g  t h e  m ethods 
o f  S t a t i s t i c a l  M echan ics  combined w i t h  t h e  h y p o t h e s i s  
b o r ro w ed  from t h e  e a r l y  form o f  t h e  quantum t h e o r y  t h a t  
t h e  e n e rg y  o f  a  s im p le  h a rm o n ic  sy s te m  i s  an  i n t e g r a l  m u l t i p l e  
o f  hjy. I n  r e c e n t  t i m e s ,  h o w ev e r ,  t h e r e  has  b e e n  a t e n d e n c y  
t o  r e v e r t  i n  some d e g r e e  t o  v iew s  a b o u t  t h e  n a t u r e  o f  l i g h t  
o r  e l e c t r o m a g n e t i c  r a d i a t i o n  r e s e t o b l i n g  t h o s e  o f  Newton. T h i s  
h as  r e s u l t e d  f rom  t h e  s tu d y  o f  p h o t o e l e c t r i c  phenomena more 
e s p e c i a l l y .  The v æ l l  known e x p e r i m e n t a l  f a c t  t h a t  t h e  maximum 
v e l o c i t y  o f  e j e c t i o n  o f  p h o t o e l e c t r o n s  i s  i n d e p e n d e n t  o f  t h e  
i n t e n s i t y  o f  t h e  e x c i t i n g  r a d i a t i o n ,  i s  e n t i r e l y  i n c o m p a t i b l e  
^ i t h  t h e  n a i v e  u n d u l a t o r y  t h e o r y .  B r a g g ’ s e a r l y  e x p e r i m e n t s  
on X - r a y s  c o n v i n c e d  him t h a t  t h e ÿ  were a  c o r p u s c u l a r  phenom ena . 
On t h e  o t h e r  h a n d ,  a  n a i v e  c o r p u s c u l a t  t h e o r y  o f  r a d i a t i o n  
i s  j u s t  a s  u n s a t i s f a c t o r y  aa  an  u n d u l a t o r y  o n e ,  s i n c e  i t  i s -  . 
i n a d e q u a t e  t o  d e a l  w i t h  t h e  phenomena o f  i n t e r f e r e n c e .  I t  
a p p e a r e d ,  i n  f a c t  a t  one t i m e ,  t h a t  an  u n d u l a t o r y  t h e o r y  was 
n e c e s s a r y  t o  e x p l a i n  many o p t i c a l  phenomena, and some s o r t  o f  
c o r p u s c u l a r  t h e o r y  f o r  p h o t o e l e c t r i c  pk,enomena. More t h a n  a 
q u a r t e r  o f  a  c e n t u r y  ag o ,  E i n s t e i n  s u g g e s t e d  t h a t  l i g h t  
c o n s i s t e d  o f  s m a l l  b u n d l e s  o f  e n e r g y , e a c h  e q u a l  t o  hj)  
t h a t  i s ,  i t  c o n s i s t e d  o f  s m a l l  p a r t i c l e s ,  now c a l l e d  p h o to n s  
w i t h  e a c h  o f  w h ich  a  d e f i n i t e  f r e q u e n c y  and  e n e rg y  p r o p o r t i o n ­
a l  t o  i t  was a s s o c i a t e d .  I n d e e d ,  hew to n  fo u n d  i t  n e c e s s a r y  t o  
endow h i s  ” r a y s  " w i t h  a  p e r i o d i c  phenomenon, t h e  f i t s  o f
e a s t  r e f l e c t i o n  and t r a n s m i s s i o n .  L o u is  de B r o g l i e  i n t r o d u c e d  
i n  1924  a  s o r t  o f  h y b r i d  t h e o r y  i n  w h ich  he im ag ined  l i g h t  t o
\i O
T h e  F i r s , 
t) ST N i c h o l a s  S t r e e t ,
C o v e n t r y .
Oct. 8th i y34 .
W.A.Baron, Esq.: ,
Clerk in  the  Aeademie Dept: ,
U n iv e r s i t y  .of  London,
South Kensington
S.Vif.7.
Bear S i r ,
■ I h erew ith  forward you a Copy
I
1 iHy B i s o e r t a t i o n ,  bound in  aecordanee
w ith  your s p é c i f i c a t i o n ,  in  order th a t
th e  Begree of  L, Se: may be con ferred
me by the  Senate at themr next  m eet ing .
on
Yours f a i t h f u l l y ,
*9
be made up o f  E i n s t e i n i a n  b u n d l e s ( p h o t o n s ) which  he im a g in e d  
t o  be g u id e d  by w a v e s . Out o f  t h i s  t h e o r y  h a s  emerged t h e  
p r e s e n t  day Wave M echan ics  w h ich  a s s o c i a t e s  w i t h  t h e  u l t i m a t e  
p a r t i c l e s ;  p h o t o n s , e l e c t r o n s  e t c  : t r a i n s  o f  w aves ,  o r  g r o u p s  
o f  w aves .  These waves a r e  n o t ,  i t  would seem, t h e m s e l v e s  
p h y s i c a l  e n t i t i e s .  The s q u a r e  o f  t h e  a m p l i t u d e ,  f o r  example 
does  mot m easu re  t h e ^ n e r g y  o r  en e rg y  f l o w , ( e x c e p t  when d e a l -  
w i t h  t h i n g s  on Irà)? m a c ro s c o p ic  s c a l e ) ,  b u t  t h e  p r o b a b i l i t y  
o f  t h e  p r e s e n c e  o f  p h o t o n s .  I n t e r f e r e n c e  f r i n g e s  r e c e i v e  now 
a s l i g h t l y  m o d i f i e d  e x p l a n a t i o n .  The b r i g h t  f r i n g e s  a r e  form- 
a t  p l a c e s  where t h e  p r o b a b i l i t y  (m easu red  by t h e  s q u a re ,  
o f  t h e  a m p l i t u d e )  f o r  t h e  a r r i v a l  o f  p h o to n s  i s  l a r g e  ; d a r k  
f r i n g e s  v/here i t  i s  s m a l l  o r  z e r o .  The r u l e s  f o r  d e t e r m i n i n g  
t h e s e  p o s i t i o n s  h ap p e n  t o  be i d e n t i c a l  w i t h  t h o s e  f o r  d e t e r ­
m in in g  o r  c a l c u l a t i n g  p l a c e s  o f  r e i n f o r c e m e n t  o r  d e s t r u c t i v e  
i n t e r f e r e n c e  o f  w aves .
The f u r t h e r  deve lopm en t  i s  l a r g e l y  due t o  S c h r o e d i n g e r , 
who w idened  dynamics by e x t e n d i n g  t h e  a n a lo g y  w hich  H am i l ­
t o n  h ad  d i s c o v e r e d  b e tw e en  c l a s s i c a l  dynamics and g eom et­
r i c a l  o p t i c s ,  so t h a t  dynamics became a n a lo g o u s  t o  
o p t i c s .
8 4 .
B e f o r e  g i v i n g  an  a c o i u n t  o f  de B r o g l i e ’ s w o r k , l e t  u s  o b t a i n  
an  e x p r e s s i o n  f o r  t h e  P h a s e  V e l o c i t y  o f  a  Wave, and o b t a i n  
one f o r  t h e  Group V e l o c i t y  o f  a  s u p e r p o s i t i o n  o f  waves#
C o n s i d e r  a g a i n  t h e  c a s e  o f  a  s t r e t c h e d  c o r d ,  f i x e d  a t  b n t h  
e n d s .  S uppose  t h i s  i s  g i v e n  a  s u d d e n  j e r k  a t  one en d ,  c a u s i n g  
a  d i s p l a c e m e n t  t h e r e .  T h i s  d i s p l a c e m e n t  w i l l  t r a v e l  a l o n g  t h e  
c o r d  w i t h o u t  change  o f  s h a p e  o r  change  o f  v e l o c i t y , ( t o  a 
f i r s t  a p p r o x i m a t i o n . ) ,  and  we may w r i t e  f o r  t h e  d i s p l a c e m e n t ,
3 f ( n t  -  x )
w here  u  i s  t h e  v e l o c i t y  v;hth w h ic h  t h e  d i s p l a c e m e n t  t r a v e l s ,  
and  X i s  t h e  d i s t a n c e  t r a v e l l e d , ( s e e  f i g u r e . ) .
^  u t “
X
For a s im p le  harm onic d i s t u r b a n c e , S w i l l  be g iv e n  by : -  
S ^  A co s  w (t  -  /^-Q_ ) 
w h ere , i f  T i s  t h e  p e r io d ,  w
At any g iv e n  i n s t a n t ,  t h e  v a lu e  o f  S f o r  d i f f e r e n t  v a lu e s
o f  X w i l l  be g iv e n  by
S A .c o s  ( u . t . w .  -  )
^  A .cu s  ( c o n s ta n t  -  )
I f  A i s  t h e  wÆïie-length o f  th e  d i s t u r b a n c e  th e n
S -  &.C08 2 ^ .(  t  -  X )
T A
D i f f e r e n t i a t i n g  t h i s  e x p r e s s i o n ,  we g e t  ; -
d^B -  -  4"^_.B— — " ■ — ' • ““  ^  ^ ?
dx  A
( I Q Ü )
t h e r e f o r e  d^S -  d^S -  1 .d^S
dx 2 2 2 dt^d t^
o r  t h e  more g e n e r a l  e x p r e s s i o n  f o r  a p l a n e  wave t r a v e l l i n g
i n  any d i r e c t i o n  i s  V  ^3 ^  1_ d^Sl
d t^
where u  i s  t h e  p h as e  v e l o c i t y .
tvuo ha^ o^ ofuc
Suppose now v>re c o n s i d e r  t h e  s u p e r p o s i t i o n  o f ^ w a v e s . Then 
t h e  o u t l i n e  o f  t h e  \A/^v:elre5ujti ago f r - r p s u p e r p o s i t i o n
wOT«s w i l l  t r a v e l  w i t h  a  d i f f e r e n t  v e l o c i t y  from t h e  
p h ase  v e l o c i t y  o f  t h e  i n d i v i d u a l  components  o f  t h e  g ro u p .
T h is  v e l o c i t y  vje c a l l  t h e  g roup  v e l o c i t y .
The g roup  v e l o c i t y  w i t h  w h ich  t h e  p o i n t  b i n  t h e  f i g u r e  i s  
moving fo rw a rd  we w i l l^  f o r  s i m p l i c i t y  s u p p o s e ,  r e s u l t s  
from t h e  s u p e r p o s i t i o n  o f  tvw  p l a n e  w aves ,  t h e  a m p l i t u d e s  
o f  v/hich a r e  eq.ual t o  A and t h e  p e r i o d s  and w a v e le n g th s  o f  
which  d i f f e r  by a s m a l l  amount,  o n l y .  I f  T and T ’ a r e  t h e  
p e r i o d s , t h e n jT  - T ’^ ,( dT ) we su p p o se  v e ry  s m a l l  by com par­
i s o n  w i t h  T i t s e l f , a n d  s i m i l a r i l y  d , \  ( z. (A -  A ' ) )  s m a l l
compared w i t h
The d i s p l a c e m e n t  w i l l  be g i b e n  by t h e  sum o f  t h e  i n d i v i d u a l  
com ponen ts ,  nam ely ,
S -  A cos 2TT(t - x )  + A cos 2lf(t  - x )
T  X r '
01 )
101a)
2: 2A cos 2/’ . 4ps % -1 .  I X .  4 ^  tTT
r
2A. C0 S  IT cL/i\t -  d 
T
. cos 2lfft  -  X
I t
where v/e have w r i t t e n
and
1 f 1 - 2T T T r
1  -  JL_ -  d / n
T T’ ^T/
e t c :
The e x p r e s s i o n  (101) may be w r i t t e n  th u s  : - 
2a . cos 2T  -  X \
7\)
which i s  an e x p r e s s io n  f o r  a wave of  phaseTjb
It
and am pli tude  2 a ,  where
2 a ^iAcos i r Jd / i jA ^ j^ i
X
A
The e x p r e s s i o n  (101a) w i l l  i t s e l f  have th e  form of  a 
wave and i t s  o u t l i n e  w i l l  r e p r e s e n t ,  a t  any i n s t a n t ,  t h e  
am p l i tude  o f  th e  r e s u l t a n t  o f  t h e  s u p e r p o s i t i o n  o f  th e  two 
waves.  I f  t h e  o u t l i n e  -------  r e p r e s e n t  th e  p o s i t i o n  of t h e  grou
LPa t  an i n s t a n t  t  and ------  r e p r e s e n t  i t  a t  a l a t e r  i n s t a n t  t
1 ^
and suppose t h a t  and X^ a re  t h e  p o s i t i o n s  of  a p o in t  a t  
t h e s e  t i m e s .
X
t h e n  O^ X^  and O^X^ w i l l  be g iv e n  by s u b s t i t u t i n g  th e
5?
a p p r o p i a t e  v a l u e s  f o r  t  and X i n  ( 1 0 1 ) ,  an d  s i n c e  O^X^ -  O^Xg
and t h e r e f o r e  t h e  v e l o c i t y  w i t h  w h ich  t h e  Tgavti moves f o r w a r d ,  
V, w i l l  b e  Xp -  X, • d f l )
f c r  -  ^
T h i s  t h e n  i s  t h e  g ro u p  v e l o c i t y
A s p e c i a l l y  i n t e r e s t i n g  c a s e  o f  a  g ro u p  i s  one w h i c h , o v e r  
a  l i m i t e d  r e g i o n ,  and d u r i n g  a  l i m i t e d  t i m e ,  i s  i d e n t i c a l ,  o r  
n e a r l y  s o ,  w i t h  a  p l a n e  h a rm o n ic  v/ave o f  c o n s t a n t  a j n p l i t u d e .
Even  i f  t h i s  g ro u p  p o s s e s s e d  a t  a  g i v e n  i n s t a n t ^  t h e  fo rm  
y  c. A co s  27T | ;^t _
e x a c t l y  e v e r  a  w ide  h u t  l i m i t e d  s p e g t r a f  r e g i o n ,  i t  w ou ld  
o b v i o u s l y  n o t  r e t h i n  s u c h  a  fo rm ; b u t  w ou ld  i n  t h e  c o u r s e  o f  
t i m e ,  s p r e a d  o u t  and  b ehave  p h y s i c a l l y  as  a  s u p e r p o s i t i o n  o f  
p l a n e  h a rm o n ic  waves o f  s l i g h t l y  v a r y i n g  a m p l i t u d e ,  f r e q u e n c y  
and  w a v e l e n g t h  and t r a v e l l i n g  i n  ^ . l i g h t l y  d i f f e r e n t  d i r e c t i o n s  
w h ic h  we m ig h t  r e g a r d  as  c o n t a i n e d  v / i t h i n  t h e  l i m i t s  o f  th e  
s o l i d  a n g l e  d j l  . I n  f a c t ,  we s h o u l d ,  i n  o r d e r  t o  make i t  s a t i s -  
i f y  t h e  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n
be o b l i g e d  t t  r e p r e s e n t  i t  a s  s u c h  a  s u p e r p o s i t i o n  by F o u r i e r ' s
t h e o r e m .
T h i s  g ro u p  w i l l  t r a v e l  a l m o s t  l i . e  a  r i g i d  c o n f i g u r a t i o n  
w i tb j th e  v e l o c i t y  v ,  v;here
w h i l e  t h e  i n d i v i d u a l  harm onic  waves o f  which i t  i s  c o n s t i t u t e d  
w i l l  t r a v e l  w i t h  t h e  phase  v e l o c i t i e s  a p p r o x im a te ly  e q u a l  t o
C. A
T
i n  d i r e c t i o n s  making s m a l l  a n g le s  w i th  t h e  a x i s  o f  Z.
M a th e m a t ic a l  i n v e s t i g a t i o n  o f  such  a group  by means o f
F o u r i e r ’ s - t h e o r e m ,  ( s e e ,  L. de B r o g l i e ’ s ” Wave M echan ics" )
shows t h a t  
(101c) ^ ^
A '
i s  o f  t h e  o r d e r  o f  u n i t y ,  where r e p r e s e n t s  t h e  ex trem e
v a r i a t i o n  o f  t h e  r e p t p r o c a l  o f  t h e  w av e le n g th ,  and a z 
r e p r e s e n t s  t h e  l i n e a r  r an g e  o f  t h e  group a lo n g  the z - a x i s .
The w av€-m echan ica l  s i g n i f i c a n c e  o f  t h e  group  i s  t h a t  
t h e  p a r t i c l e  ( e l e c t r o n  o r  what n o t ) t r a v e l s  w i t h  t h e  v e l o c i t y  
y ^ d  t h e r e f o r e  always rem ains  w i t h i n  t h e  g ro u p ,  t h e  p r o b a b i l i t y  
o f  i t s  b e i n g  i n  any g iv e n  s m a l l  volume b e i n g  p r o p o r t i o n a l  t o  
t h e  s q u a t e  o f  t h e  a m p l i tu d e  o f  t h e  a p p r o x im a te ly  harmonic wave. 
I f  we m u l t i p l y  (101c)  by h ,  we g e t  
z>p. Ù z /V h
an e q u a t i o n  which e x p r e s s e s  t h e  i n d e te rm in a n c y  p o i n t e d  out 
by H e isenberg#
The y e a r  1922 was t h a t  i n  which de B r o g l i e  f i r s t  pub­
l i s h e d  any s u g g e s t i o n  t h a t  F u l l  R a d i a t i o n  might be t r e a t e d  as 
a s o r t  o f  g a s , made up o f  l i g h t  q u a n ta  o r  p h o to n s .  P h o t o e l e c t r i c  
phenomena, and a s s o c i a t e d  t h i n g s , had c o n v in ced  him t h a t  l i g h t  
must be off a c o r p u s c u à à r  n a t u r e ,  and he t e n t a t i v è l y  i n t r o d u c e d  
t h e  i d e a  o f  a"quantum g a s " ,  n e g l e c t i n g  a l t o g e t h e r  a t  f i r s t ,  t h e
nwave s i d e  o f  l i g h t .  H is  s u c c e s s  i n  h i s  f i r s t  p a p e r  was s u c h  t h a t  
he d e v e lo p e d  h i s  t h e o r y  f u r t h e r ,  i n t r o d u c i n g  t h e  h y p o t h e s i s  t h a t  
t h e  p a r t i c l e s  o f  t h e  quantum gas  were moving ab o u t  i n  s u c h  a way 
t h a t  t h e i r  m o t io n s  were g o v e rn e d  by v/aves i n  some way.
Some y e a r s  e a r l i e r ,  D a v i s s o n  had  n o t i c e d  t h a t  when d e a l i n g  witA 
s t r e a m s  o f  e l e c t r o n s ,  he had  o b t a i n e d  e f f e c t s  w h ich  he t h o u g h t  
t o  be due t o  some f a u l t  i n  h i s  e x p e r i m e n t a l  method .  Working i n  
a s s o c i a t i o n  w i t h  Germer,  he s e t  o u t  t o  r e - o b t a i n  t h e  e f f e c t s  and 
he s u c c e e d e d  i n  d e m o n s t r a t i n g  t h e p  d i f f r a c t i o n  o f  e l e c t r o n s ,
\\ li
shov^ing t h a t  waves c o u ld  be a s s o c i a t e d  w i t h  s t r e a m s  o f  moving 
" p a r t i c l e s " ,  and g^ve i n d i r e c t  e v i d e n c e  t h a t  de B r o g l i e ’â  i d e a ,  
t h a t  l i g h t  was o f  a  " p a r t i c l e "  n a t u r e ,  was c o r r e c t .
I n  h i s  f i r s t  p a p e r ,  bcused on t h e  assumptiongf t h a t  r a d i a ­
t i o n  was a  p a r t i c l e  phenomena, de B r o g l i e  s u p p o se d  t h a t  t h e  
p h o to n s  were  a l l  moving a b o u t  i n  t h e  u n i f o r m  t e m p e r a t u r e  e n c l o s ­
u r e ,  e a c h  w i t h  a  v e l o c i t y  c_ ( t h e  v e l o c i t y  o f  l i g h t  i n  empty 
s p a c e ) .  He s u p p o s e d  t h a t  a l l  t h e  p h o to n s  were i d e n t i c a l  w i t h  
e a c h  o t h e r  i n  e v e ry  way, e x c e p t  as  r e g a r d s  t h e  p e r i o d  and e n e rg y  
a s s o c i a t e d  w i t h  e a ch  o n e .  He a d o p te d  t h e  r e l a t i v i s t i c  f o rm u la ,  
t h a t  t h e  e n e r g y ,  E ,  o f  e a c h  photmn, was E ^  m.c*-
where  m i s  t h e  s u p p o s e d  " mass"  o f  t h e  p h o to n .
The e n e r g y , E ,  hw w ro te  as E ^  h .  ( where ) b e i n g  t h e
It) p e r io d . )
I n  h i s  f i r s t  p a p e r ,  he n e g l e c t e d  a l l  t h e  p n o t o n s ,  t h e  en e rg y  
o f  w h ich  was a  h i g h e r  i n t e g r a l  m u l t i p l e  o f  (h)). ) t h a n  \ i n i t y .
I'"
The momentum o f  t h e  phoÿon, on t h i s  b a s i s ,  i s  : -
p -  h j ;  ^  E 
c c
U s in g  t h e s e  a s s u m p t i o n s ,  and t h e  c a n o n i c a l  law o f  d i s t r i b u ­
t i o n ,  de B r o g l i e  managed t o  o b t a i n  an  e x p r e s s i o n  s i m i l a r  t o  
Wien^s e x p r e s s i o n  f o r  t h e  d i s t r i b u t i o n  o f  e n e rg y  i n  t h e  s p e c t ­
rum. (See e q u a t i o n  ( 6 l ) . )
He sums up h i s  p a p e r  i n  t h e  f o l l o w i n g  w o rd s .  . .
. . . "  By means o f  t h e  quantum t h e o r y  o f  l i g h t ,  c o u p le d  w i t h  
t h e  laws o f  s t a t i s t i c a l  m e c h a n ic s ,  we can  r e - o b t a i n  a l l  t h e  
r e s u l t s  o f  t h e  the rm odynam ics  o f  r a d i a t i o n ,  and even  o f  t h e  
W ie n -P la n c k  law o f  d i s t r i b u t i o n .  These r e s u l t s  how ever ,  e x p r e s s '  
l y  assume t h a t  t h e  fo rm u la e  o f  r e l a t i v i t y  dynamics a r e  u s e d  
f o r •l i g h t . . . "
I n  a  s u b s e q u e n t  p a p e r ,  tv\o y e a r s  l a t e r ,  w h ich  de B r o g l i e  
c a l l e d  " A T e n t a t i v e  Theory o f  L i g h t " ,  he r e v i s e d  t h i s  
e a r l i e r  p a p e r ,  and pu sh e d  h i d  i d e a s  s t i l l  f u r t h e r .  He o b t a i n e d  
P l a n c k ’ s f o rm u la  f o r  t h e  e n e rg y  d i s t r i b u t i o n  i n  t h e  s p e c t ru m  
o f  a b l a c k - b o d y  r a d i a t o r ,  on t h i s  i m p o r t a n t  a s s u m p t io n  -  
" t h a t  ea ch  atom o f  v e l o c i t y  Be, may be c o n s i d e r e d  as l i n k e d  
w i t h  a  g roup  o f  w aves ,  whose ph a s e  v e l o c i t y  u  o /B , 
whose f r e q u e n c y  V i s  m&.c . and whose g roup  v e l o c i t y ,  v Bo 
(He s u p p o s e s  t h a t  t h e  p h o to n s  have  n o t  a l l  t h e  same v e l o c i t y  
c ,  b u t  some f r a c t i o n ,  B, o f  c ,  where B v a r i e s  f o r  t h e  
i n d i v i d u a l  p h o t o n . )
T u r n i n g  b a c k  t o  e q u a t i o n  (64 ) .  l e t  u s  r e c o n s i d e r  t h e  
e x p r e s s i o n  f o r  t h e  number o f  v i b r a t i o n s  i n  o u r  e n c l o s u r e ,




The d i f f e i ' e n c e  be tw een  t h e  e a r l i e r  p r o c e e d u r e  and t h e  p r e s e n t  
one b e i n g  t h a t  we can  no l o n g e r  endow t h e  waves w i th  a
c o n s t a n t  v e l o c i t y ,  c ,  ex c ep t  i n  t h e  l i m i t i n g  ca se  o f  B 1 .
The e a r l i e r  p a r t  o f  t h e  c a l c u l a t i o n  w i l l  be i d e n t i c a l  w i t h  
t h a t  oÿ f i n d i n g  t h e  number o f  waves i n  a  u n i t  cube o f  ou r  
e n c l o s u r e ,  t h e  f r e q u e n c i e s  o f  which  l i e  be tw een  y and g e r d ) . 
T h is  number we found  t o  be
j  ( s e e  equ/n (36) .  )
I n  t h e  p r e s e n t  in s tan te ;  however,  we can  no l o n g e r  w r i t e  
c f o r  t h e  v e l o c i t y  o f  t h e  wave, b u t  we must w r i t e  u ,  t h e
p hase  v e l o c i t y  o f  t h e  w ave ,(  and u  B . c ,  where B v a r i e s . )
P r o c e e d i n g ' a s  i n  t h e  e a r l i e r  i n s t a n c e ,  we d i f f e r e n t i a t e  t h e  
e x p r e s s i o n  f o r  t h e  number o f  v i b r a t i o n s  i n  t h e  u n i t  cube ,  whose 
f r e q u e n c i e s  rqnge  form ^  to  zero ,  i n  o r d e r  t o  g e t  t h e  number 
in  t h e  s à a l l  r a n g e  from (>> +dV)to y.
T his  w i l l  be g iv e n  by
u
T h is  t im e  we must i n t r o d u c e  a t e rm  which wes ze ro  i n
U ) ; /
t h e  p r e v i o u s  c a s e ,
D i f f e r e n t i a t i n g  t h e  r i g h t  hand s i d e  o f  102) 
n jd ) )  -  4?  Sl^dU -  j ) _ ^ .4T r . / ^ \ . d ) )
U ' u à p.
I t  now rem a in s  t o  f i n d  an e x p r e s s i o n  f o r / d u \
(dV )
We ca n  do t h i s  by c o n s i d e r i n g  t h e  r e l a t i v i s t i c  e q u a t i o n  f o r  t k
e n e rg y
VhV  -  mp.o^ _ . c 2 .{ 1 -
(1 -  °
D i f f e r e n t i a t i n g  t h i s  : -
h .d ) /  -  mQ.c2,_ag(^ 1 -  o f  )  . 2 o f .  du
u
(104) . -2
• c  .d u
^ ^ ( 1  -  c£) 
u 2 ^
and s i n c e  h y  ^  mp.o2
( 1 -
u 2
1 0 3 )
)*-
I t  f o l l o w s  from (104)  t h a t  ; -
p . / ^ \  c. 5 _ .  ( c ^ - u ^ )  ::: u (  1 _ u^  )
c 2 %2
t h e r e f o r e  _ j / ^  \ j  _
u l d v J ]  q2 
and s u b s t i t u t i n g  i n  ( 1 0 3 ) ,  we g e t
n ,d ) )  ^  4 7 L ^ . u 2  ^  47iD^d)) ^  4T V ^ B .d V
U^  —  ------------
The en e rg y  o f  each  p h o to n  i s  ^
E -  h)7 -  moc2Y where Y -  ( 1 -  B^ )
so t h a t  i f  t h e  k i n e t i c  e n e rg y  o f  a  p h o to n  i s  _W,
2
*^) t h e n  iiiqC #  + Vif E
so t h a t  E mgC^. ( 1 ^ a )
where a  W
0 2
u . c ^  3c
now h ÿ  -  m^c^( t -  b 2 ) -% 
whence B -  i^alia t  m 1
m o c 2
1 + a
1 0 )
1 1 2 )
113




and sub s tm t  l i t  i n g  from ( 1 0 9 ) ,  ( 1 1 0 ) and ( 1 1 1 ) i n  ( 1 0 5 )
n^  d)j ^  m^c^d 4 a ) ? J a( t v a ) . dW 
0^ ( 1 4 a)  h
-  ilT. m ocd+a)-^ .  J a ( 2 f a ) . d W
De B r o g l i e ,  now i n  t h e  pap j ie r  q u o te d ,  s a y s  . . ,
" Every  p h ase  wave can  c a r r y  w i t h  i t ,  one,  two, o r  more a tom s,  
so t h a t  a c c o r d in g  t o  t h e  c a n o n i c a l  law o f  d i s t r i b u t i o n ,  t h e  
number o f  t h e s e  atoms whose ene rgy  i s  h y  , w i l l  be p r o p o r t i o n a l
CD
2t o m^. o( 1 + a ) . V a( 2 f &) d W .d x .d y .d z .  ^
— nh y y
By summing t h i s  s e r i e s  ( 1 . ^ ,  \ e 'kT
de B r o g l i e  f i n d s  t h a t  t h e  r a d i a n t  en e rg y  d e n s i t y  i s  p r o p o r t i o n a l
e -  M i - V  .&))
3
t o 8ir . W3 I
7 7 ^ . , 1
and t h e  f a c t o r  o f  p r o p o r t i a n a l i t y  he has  a l r e a d y  shown t o  be 1
Thus on t h e  b a s i s  o f  t h e s e  f u r t h e r  a s s u m p t io r e ,  he manager’ 
t o  a r r i v e  a t  a f o rm u la n te  P l a n c k ’s ,  f o r  t n e  ene rgy  I r  t r i b u t  ion
in  t h e  sp ec t ru m  o f  a b l a c k - b o d y .
( 1 1 6 )
Louis  de B r o g l i e ’ s e f f o r t s  t o  r e p r e s e n t  F u l l  R a d i a t i o n  
as a P h o to n  Gas, mark t h e  i n i t i a t i o n  o f  Wave M echanics .
He vifas f o r c e d ,  as we have s e e n ,  t o  make u se  o f  c e r t a i n  
r e l a t i v i s t i c  f o rm u la e ,  i n  p a r t i c u l a r ,  t h e  w e l l  known 
r e l a t i o n s h i p  between  mass and e n e rg y .  The a s s u m p t io n  o f
2t h e  r e l a t i o n s h i p v . u  c
o f  which he a l s o  made u s e ,  has  a r e l a t i v i s t i c  b a s i s .  He 
came t o  t h e  c o n c l u s i o n  t h a t  l i g h t ,  an u n d u l a t  ory phenomenon , 
was c o n s t i t u t e d  o f  p a r t i c l e s ,  o r  som e th in g  v e ry  l i k e  p a r t i c l e s  
and he s u s p e c t e d  t h a t  e l e c t r o n s ,  a c h a r a c t e r i s t i c a l l y  " p a r ­
t i c l e ’’ phenomenon might be a s s o c i a t e d  w i th  waves,  and w i th  
each  e l e c t r o n ,  as w i th  each  p h o to n ,  a p e r i o d i c  phenomenon 
o f  f r e q u e n c y  ÿ  co u ld  be a s s o c i a t e d ,  so t h a t  t h e  e n e rg y  o f  an 
e l e c t r o n  would ,  l i k e  t h a t  o f  a p h o to n ,  be h V. I f  t h i s  p a r t i c l e  
phenomenon be r e p r e s e n t e d  i n  t h e  c a se  o f  an e l e c t r o n  a t  r e s t , b y  
y  ^  A cos 2IT ^ t  
i t  w i l l  become
TjJ A cos 2ÏÏ )^(t ’ -  I 2^)j 
when r e f e r e d  t o  axes  t r a v e l l i n g  r e l a t i v e l y  t o  t h e
f
e l e c t r o n  w i th  t h e  v e l o c i t y  (-vjt o r  i f  t h e  e l e c t r o n  i s  moving 
r e l a t i v e l y  t o  t h e  axes w i th  a v e l o c i t y  v 
The fo rm u la  ( 1 l 6 )  may be w r i t t e n
y ::: A C O S  2 F  / t ’ -  2LL)
 ^ u  /
where S) ’ n  V. V





t h e  v e l o c i t y  y ,  i t  i s  ea sy  t o  show, h appens  t o  be t h e  
g ro u p  v e l o c i t y  o f  t h e  w aves ,  whose p e r i o d  i s  i n  t h e  
n e ig h b o u rh o o d  o f
have  shown t h a t  t h e  group  v e l o c i t y  i s  e q u a l  t o
V -  _  à ( ^ ]
d / i
(a)
b u t ,  s i n c e  h ^  o r ^ h ^ i s  t h e  e n e rg y  E and 
^ ^ i s  t h e  momentum p
I t  would  seem t h a t  we ca n  w r i t e  t h e  e q u a t i o n  (117)  as
1 1 8 ) V -  dE
dp
We ca n  j u s t i f y  t h i s  s u b s t i t u t i o n  from t h e  c o r p u s c u l a r  
p o i n t  o f  v iew  i n  t h e  f o l l o w i n g  way.
The en e rg y  o f  a  moving p a r t i c l e  i s  E m^c Y
and t h e  momentum, p i s  m^(Yv)
2t h e r e f o r e ,  ^  ^  m .c  .dY
dp - 5 .
'9 ) -  c ^ ,  a,ï
Y , d ï  f  Y .dv
w here  V means ( 1 -
c
%
and t h u s ,  dY -  %(l -  Z  )~ , _2 (v )
C c 2
  y ) .  v«dv
c 2
and t h e r e f o r e  s u b s t i t u t i n g  f o r  dY i n  (119)
3
M  ^  v.yZ
1 2 0
Y&T I  Y .av y 2 I' / _  1 j
-  V
We can show t h a t  H a m i l to n ' s  p r i n c i j f i l  f u n c t i o n , S» i n
(V\^ a^ loqooS
dynam ics ,  i s  e c tu iva len t  t o  t h e  phase i n  a wave, i n  wave 
p r o p a g a t i o n .  S i s  g iv e n  by
S ~ y  ( 2T - E ) d t .
I n  t h e  case  o f  a p h o ton ,  moving i n  t h e  X d i r e c t i o n  o n ly ,
and f o r  which we s h a l l  suppose  t h e  p o t e n t i a l  energy  i s  c o n s t a n t
S -  ( p x  -  Et)
where x i s  t h e  p o s i t i o n a l  c o o r d i n a t e .
For  t h e  phase  o f  a wave, we had : -
121) 0 -  2Tr ( t  -  x)
T A
I f  we pu t  0 eq u a l  t o ,  say  |iH 
t h e n ,  from ( 1 2 1 )
22) uH -  2 i r / t  _ x \
' T A ^
2 3 ) and by ( 1 0 0 ) |iK -"P-F.t t  ^ p . x
t h e r e f o r e  , comparing ( 1 2 2 ) and ( 1 2 3 )
fip -  -  2ÏÏ/A
yiE 21 ■“ 21T/^
I f  we now pu t  - 2 TT h
p
we g e t  p h / ^
E -
B w i l l  be h / t  -  X \
\ Ï  "A ) compare w i th  ( 1 2 1 )
U
(125)
and f o r  t h e  phase  v e l o c i t y ,  u ,  we s h a l l  have
u  2 .  E 
P
C o n s id e r in g  a g a in  t h e  e x ^ e s s i o n  f o r  a p l a n e  wave 
y  n  A cos 2TT ( t  -  X )
I
We may w r i t e  t h i s  as
U 2. A cos TO' ( h # t -  h . x  )
h  ^T 7\ ^
F o l lo w in g  de B r o g l i e ' s  i d e a  t h a t  we may a s s o c i a t e  w i th
a p a r t i c l e ,  a v/ave, we may w r i t e  (124) i n  t h e  form
¥ 21 A cos £T[ ( Et -  px)
h
where E i s  t h e  ene rgy  o f  t h e  p a r t i c l e ,  and p i t s  momentum, 
and E 2 . iiV and p c. h /  ^
The e q u a t i o n  (123) i s  now t h e  e q u a t i o n  o f  t h e  wave 
a s s o c i a t e d  w i t h  t h e  moving p a r t i c l e  o f  ene rgy  E and momentum p. 
B i f f e r e n t i a t i n g  t h e  e q u a t i o n  (125) t w i c e ,  we g e t
d^¥
dx‘





^  - A T .
h ‘
t h e r e f o r e  d^W . d^¥
dx^ d t^





To s o l v e  t h i s  e q u a t i o n ,  l e t  us  a p p ly  B e r n o u l l i ' s  method.
Suppose y  2  U.W. 
where U i s  a f u n c t i o n  of  x o n ly ,  and W i s  a f u n c io n  o f  t  on ly
S u b s t i t u t i n g  i n  ( 1 2 6 ) ,  ‘t h e n ,  we g e t
W. d^u =  j_ .u .
U
and t h e r e f o r e  i . d"^ W 2  X«
W.1;l d t  D dx
The l ^ f t - h a n d - s i d e  o f  t h i s  e q u a t i o n  i s  e x p r e s s e d  i n  t e rm s  o f
t  o n l y ,  and t h e  r i g h t - h a n d - s i de i n  te rm s  o f  x  o n ly .
I n  o r d e r  t h a t  t h e y  may he e q u a l  t h e r e f o r e ,  b o t h  s i d e s  must be
e q u a l  t o  a  c o n s t a n t ,  s a y  n
Then,   . d*^ W ^  n  o r  2  n .u^ .W
W.u^ d t^  d t ^
and a s o l u t i o n  i s
f / n . u t  
W -  C.e Where C i s  some s o n s t a n t
i . e .  / n . u  2  2' ^ i . ) j
o r  n  2  ~43L^ 2 JL<LU
y
b u t  s i n c e  n  i s  a l s o  e-qual t o  j_* ^ U
¥ dx^
ib  f o l l o w s  t h a t  ^
^  - 7 ^  "
P u t t i n g  kim.(E-?)
where  E i s  t h e  en e rg y  o f  t h e  p a r t i c l e ,  V i t s  p o t e n t i a l  e n e n g y , 
and m i t s  m ass ,  we g e t  t h e r e f o r e
Hz,) dfu + 8' ^ t m . ( E - Y ) . u  ^  0
dx^:
The e q u a t i o n  ( I 2 7 ) ,  when g e n e r a l i s e d  f o r  t h r e e  s p a c i a l  
c o - o r d i n a t e s , (x,y ,andjp,,  ) ,  becomes
t  8 T T ^ . m . ( E - V )  . U  _  0
9 9 .
and i s  som etim es  c a l l e d  t h e  A m pli tude  E q u a t i o n ,  s i n c e  U 
i s  t h e  a m p l i t u d e  i n
?  -  U.W
I n  o r d e r  t h a t  U may he o n e - v a l u e d  and v a n i s h  a t  co i t  
i s  n e c e s s a r y  t h a t  E s h o u l d  have  p a r t i c u l a r  v a l u e s ,  ( E i g e n w e r t )  
These  a r e  t h e  en e rg y  l e v e l s  o f  t h e  o l d e r  Quantum T h e o ry .
The d ev e lp p m en t  o f  Wave M echan ics  i s  l a r g e l y  due t o  t h e  
work o f  E. S c h F o e d in g e r ,  who expended  t h e  a n o lo g y  b e tw e e n  
c l a s s i c a l  dynam ics  and g e o m e t r i c a l  o p t i c s ,  d i s c o v e r e d  i n  1 8 2 8 , 
by H a m i l t o n .  So t h a t  S c h r o e d i n g e r ' s  dynam ics  may be d e s c r i b e d  
as  a n a lo g o u s  t o  o p t i c s  ( n o t  m e re ly  g e o m e t r i c a l  o p t i c s ) .
Thdsc a n a l o g y es  a p p e a r  most c l e a r l y  by co m p ar in g  t h e  p r i n c i p l e s  
o f  Ferm at  and M a u p e r t u i s .  The f o rm e r  d e t e r m i n e s  t h e  p a t h  o f  




w here  d^  i s  an  e lem e n t  o f  t h e  o p t i c a l  p a t h  and u  i s  t h e  
p h a s e  v e l o c i t y .  I n  t h e  v a r i a t i o n ,  T , t h e  f r e q u e n c y , i . e .  
i s  c o n s t a n t .
M a u p e r t u i s '  p r i n c i p l e ,  ( t h e  p r i n c i p l e  o f  l e a s t  a c t i o n ) ,  
f o r  a  s i n g l e  p a r t i c l e ,  h a s  t h e  fo rm ,
1 / p . dz 2. 0
and c o m p a r i s o n  w i t h  F e r m a t ' s  p r i n c i p l e  b r i n g s  o u t  t h e  a n a lo g y  
b e tw e e n  p and ^  .
1 0 0 .
Both p r i n c i p l e s  f a i l  u n d e r  e x a c t l y  ana logous  c ircum stance i  
That  of  F e r m a t ' s  f a i l s  when \  i s  ve ry  g r e a t  by com patison  
w i th  t h e  d im ensions  o f  t h e  l e n s e s , a p e r t u r e s ,  e t c :  w h i le
M a u p e r tu i s '  p r i n c i p l e  f a i l s  vfhen E and ^  a re  v e ry  sm a l l  and 
th e  e s sen ce  o f  Wave Mechanics l i e s  i n  t h e  p r i n c i p l e  o f  amend­
in g  c l a s s i c a l  dynamics i n  t h e  same way as v^re am pli fy  t h e  
o p t i v a l  th e o r y  when th e  laws of  g e o m e t r i c a l  o p t i c s  f a i l .
We w i l l  now apply  S c h r o e d i n g e r ' s  e q u a t i o n , ( e q u a t io n
(1 ë8 ) ,^  t o  a P la n c k  a s c i l l a t o r .  T h i s ,  we s h a l l  suppose ,  i s
v i b r a t i n g  i n  one d im ension  o n ly ,  and f o r  t h i s  s im ple  harmonic
o s c i & l a t o r ,  t h e  p o t e n t i a l  ene rgy ,  V w i l l  be a f u n c t i o n  o f  th e
2 2
d isp lac e m en t  o n ly ,  and w i l l  be equa l  t o  2'^*Vq 
where £  i s  t h e  d isp lac e m en t  and i s  t h e  p r o p e r  m echan ica l  
f r e q u e n c y .  E q u a t io n  ( 1 2 8 ) bedomes t h e r e f o r e ,
(129) d^ TJ t  (5 -  2^.m. ,q^)  .Ü 2  0
W r i t i n g ,  ^
130) 8~"^  .muE as a ; and 8 " .m. 2TT . ,m as ^
i n  eq,nation ( 129} ,  we g e t
d^U + ( a  -  ) .U ^  0
151) o r  d^U + (A -  x ^ ) .U  — 0
d5EZ- ^
w here ,  from (1 3 0 ) ,  A ^  a -  2Â
bn) ^  h))
and where x  ^  q W
The s o l u t i o n s  o f  th e  e q u a t io n  (131) a re  o f  th e  ty p e  known 
as E e r m i t e ' s  o r th o g o n a l  f u n c t i o n s .  The f i r s t  o f  t h e s e  fun c t io n )  
i s  e x p ( : ^ )  ^
101 .
D i f f e r e n t i a t i n g  t h i s ,  we g e t
au -  -x .e g p (-x .2 )  ; and d£lJ -  l ) . e x p ( - x ^ )
dx . i  d iF  ?
and t h e r e f o r e  s u b s t i t u t i n g  i n  ( 1 3 V)» A t u r n s  out  t o
have t h e  v a l u e
1
The n e x t  o f  t h e s e  f u n c t i o n s  o f  H erm ite
Bfx.exp(-x^)
2
g i v e s  OT 2  (-2X ) , e x p ( - x ^ )  f  2 . e x p ( - x ^ )  
dx 2 2
and d^U -  (Ex^ - 6 x) . e x p ( - x ^ )
a ?  *• ^
and t h e r e fo r e  A 2  i
2 2The n e x t  f u n c t i o n ,  (4x -  2 ) . e x p ( - x  )
2
g i v e s  A ZL ^  
and so  t o .
I n  g e n e r a l ,  A w i l l  he (2y  +1) (where n  i s  any p o s i t i v e
i n t e g e r )
and from  ( 1 3 2 ) ,  t h e r e f o r e ,
E  -  ( 2 n  + 1 ) . h l
. 2
(IJJ ) n. (n  + %) "b)
These a r e  t h e  " B ig e n w e r te )  t o  which r e f e r e n c e  h a s  a l r e a d y  
b ee n  made.
we w i l l  now s u b s t i t u t e  t h i s  v a lu e  f o r  t h e  "Eg" w hich  we u s e d  
i n  d e r e v i n g  P l a n c k ' s  f o rm u l a  f o r  t h e  d i s t r i b u t i o n  o f  e n e rg y  
i n  t h e  s p e c t ru m  o f  a  b l a c k - h o d y .
We h a d , ( s e e  e q u a t i o n s  ( 8 9 ) , e t c :  )
1 0 2 .
Es
where  now, i n s t e a d  o f  g i v i n g  ' s '  i n t e g r a l  v a l u e s ,  we 
must p u t  (n+3é) f o r  s and g i v e  n  i n t e g r a l  v a l u e s .
Hence v/e g e t ,
X  fg X 1 -
- a| p V
e ^where p





1 -  e,«P
t h e r e f o r _ e ,  B 2 -1
—e
F o r  t h e  a v e ra g e  en e rg y  E x ^ W p . h v . f g
-  n .h y . f g  4
-kp  ’ V -n n  .
-  ® . h V .B /^ n .e  ^ %h)/
-kP
-  e , h y .B .  e -P
1 - e-P
4
—bJW— 4  %h)y ( s u b s t i t u t i n g  f o r
Pe -  1 B  )





T h i s  f o rm u l a  i s  o n ly  d i f f e r e n t  f rom P l a n c k ' s  o r i g i n a l  one 




w hich  i s  acLcLecL on#
T h is  w i l l , l 5Lowever, n o t  a f f e c t  t h e  d i s t r i b u t i o n  o f  t h e
en e rg y  i n  t h e  sp e c t ru m  o f  a  b l a c k - b o d y ,  s i n c e  we s h a l l  n o t
be a b l e  t o  d e t e c t  i t s  p r e s e n c e ,  f o r  i t  w i l l  a f f e c t  t h e
r a d i a t o f  and r e c e i v e r  a l i k e .  M oreover ,  i f  we c o n s i d e r
" d i f f e r e n c e s  o f  e n e r g y l e v e l s ” , b e tw e e n  two l e v e l s ,  t h i s
" %h)9 " t e r m  w i l l  a g a i n  n o t  be d e t e c t a b l e ,  as  i t  w i l l
d i s a p p e a r  when d i f f e r e n c e s  a r e  t a k e n .
The p r e s e n c e  o f  t h i s  temm i n  t h e  e x p r e s s i o n  for -
t h e  e n e r g y ,  i n d i c a t e s  t h a t  a t  t h e  a b s o l u t e  g e ro  o f  t e m p e r a t u
. / I ra
t h e  en e rg y  o f  t h e  o s c i l l a t o r  i s  n o t  i t s e l f  z e r o .  T ha t  i s  t o  
s a y ,  when Ï  0 ° a b s o l u t e ,  t h e  en e rg y  w i l l  be 
s i n c e  t h e  f i r s t  t e rm  hV w i l l  have  v a n i s h e d .
eP -1
t 0 4 .
M a t r i x  Mechanics#
V/e s h a l l  now c o n s i d e r  t h e  p ro b lem  from a t o t a l l y  d i f f e r ­
e n t  p o i n t  o f  v ie w ,  namely t h a t  o f  H e i s e n b e r g ' s  U n c e r t a i n t y  
P r i n c i p l e ,  u s i n g  f o r  t h e  p u r p o s e s  o f  c a l c u l a t i o n ,  c e r t a i n  
q u a n t i t i e s ,  c a l l e d  m a t r i c e s  and we s h a l l  f i n d  t h a t  we a r r i v e  
a t  t h e  same s e r i e s  o f  p r o p e r  v a l u e s  ( E l g e n w e r t e ) f o r  t h e  energy .
H e i s e n b e r g ' s  p r i n c i p l e  a f f i r m s  t h a t  i t  i s  i m p o s s i b l e  t o  
m e a s u re ,  s i m u l t a n e o u s l y  and w i t h  p r e c i s i o n ,  t h e  p o s i t i o n  and tJx 
momentum o f  an  e l e m e n ta r y  p e d i c l e , sucft as  an  e l e c t r o n  o r  photon 
The more a c c u ra te l " ^  i d  t h e  momettttm m e a s u re d ,  t h e  more u n c e r t a i n  
do we become o f  i t s  e x a c t  p o s i t i o n  a t  t h a t  p a r t i c u l a r  i n s t a n t ,  
and v i c a  v e r s a #  I f  V\re make t h e  m easurement o f  p ,  t h e  mem^ntum, 
and i f  ^  i s  t h e  u n c e r t a i n t y  i n  t h e  v a l u e  o f  p ,  t h a t  i s ,  t h e  
v a l u e  o f  p l i e s  b e tw e en  p and (p + dp) and s i m i l a r i l y ,  i f  i s  
t h e  u n c e r t a i n t y  i n  t h e  p o s i t i o n a l  c o - o r d i m a t e  q,  t h e n  
H e i s e n b e r g ' s  p r i n c i p l e  r e q u i r e s  t h a t  t h e  p r o d u c t
( d p ) . ( d q )  s h a l l  be o f  t h r  o r d e r  o f  h  ( P l a n c k ' s
c o n s t a n t )
H e i s e n b e r g  r e g a r d e d  p and q n o t  as  mere num bers ,  b u t  as  
m a t t i e e s .  A m a t r i x  i s  a  s e t  o f  num bers ,  u s u a l l y  a r r a n g e d  i n  th e  
f o l l o w i n g  way#
S'.,
a 3,  a , ,  a , 3 a^^ • • •
# # .
and t h e  r u l e s  f o r  m u l t i p l i c a t i o n ,  a d d i t i o n  e t c ;  a r e  s e t  ou t  h e ^  
The t e r m  a^^ o f  a m a t r i x ,  means t h e  t e rm  a c c u r i n g  i n  t h e
n ^ ^  row and t h e  column,
1 0 3 .
I f  a and b are m a t r ic e s ,
a -  b means x  V
A d d i t io n .  a f  b -  0 " a ^  —  Cnm
M u l t i p l i c a t i o n ,  a .b  2  o means ^a ^ . b ;'km — ®nm
k
The f o l l o w i n g  ardinarjr a l g e b r a i c a l  law s h o ld  : -
a + b 8 + a ;  ( a f b )  f  o a  ^ (b + c )
( a  -(b) . 0 z: ae + be ; ( a . b ) . c  ^  a . ( b . c )
But i n  g e n e r a l  a .b  i s  n o t  e q u a l t o  b . a .
A m a tr ix  i n  w hich  a l l  t h e  term s are  zero  e x c e p t  t h o s e  f o r
w hich  n jz ® la  c a l l e d  a d ia g o n a l  m a tr ix
a„ 0 0 0 0 . .
0 a „  0 0 0 . .
0 0 8.3,0  0 " '
0 0 0 a^^O.*
0 0 0 0 a .,.
and a v er y  s p e c t a l  e a s e  fif a d ia g o n a l  m a tr ix  i s  t h a t  f o r  w hich
^•11 -  ^22  - ,  ^33  -  • • * V  -
T h is  i s  c a l l e d  a UNIT m a tr ix ,  and has th e  s p e c i a l  p r o p e r ty  
a .1 2  1 -  a .
A d i f f e r e n t i a l  f u n c t io n  o f  a m a tr ix
i s  • •
^ — %im
and d . ( a .b  ) 2  a#b -j* a . t
dt
^fs n o t  eq u a l t o  a .b  t>,a
lOb.
Suppose  t h a t  i s  a  m a t r i x ,
0. 1, 1 ,; Q.,,. • * •
Q.^  33 • ' •
We a r e  p a r t i o u i a r i l y  i n t e r e s t e d  i n  t h e  form o f  m a t r i x
W  ®nm e x p (2 ]n } i^ . - c  )
Where a ^  i s  a complex s j n p i l t u d e , ( on B o h r ' s  t h e o r y  
r e p r e s e n t i n g  t h e  t r a n s i t i o n  p r o b a b i l i t y  from an en e rg y  l e v e l  
' n '  t o  a  l e v e l  ' m ' . j
I t ^ o l l o w s  t h a t
Him — ~ Hm
and h en ce  V n  0
nn
D i f f e r e n t i a t i n g  ( 1 3 4 ) ,  we geii
h) dq■nm
d t
and d' q-nm -  -  4.11^  )J^ .q
^  ^
The en e rg y  E o f  am o s c i l l a t o r ,  i s  a l s o  a  m a t r i x ,  a  t y p i c a l  
c o n s t i t u e n t  o f  v/hich i s ,  l e t  us  s u p p o s e ,
®nm -  )
h
E i s  a c o n s t a n t  f o r  t h e s e  s^^ tem s which  we a r e  c o n s i d e r i n g ,
t h a t  i s ,  E does  n o t  v a r y  w i t h  t h e  t i m e ,  t ,  and t h u s  t h e  nm
f a c t o r  i n  t h e  e x p r e s s i o n  f o r  Enm
exp( l ]T i .
h
must be z e r o .
to*/.
I t  f o l l o w s  t h e r e f o r e  t h a t  must he  z e r o ,  and as we have
s e e n ,  t h i s  i s  so when n z. ^
E i s  t h e r e f o r e  the d i a g o n a l  m a t r i x
1) 0 0 0 . . .
#  D 0 0 . . .
0 0 D 0
0 0 0 D . . .
H e is e n b e r g  fo-’onded h i s  m echan ics  on an a s s u m p t io n  e q u i v a l e n t  
t o
IH) P -  q , .p, X h . i f  m -  nnk  3an hk  km
2  #  " m ^  n
we s h a l l  make u s e  o f  t h u s  c o n d i t i o n  f o r  t h e  ^ P la n c k  o s c i l l .  
a t o r  • T^he e q u a t i o n  o f  m o t io n  f o r  su ch  an  o s c i l l a t o r  i s  
m.q -  | iq  2  0
v/here |i 2  4"^  ^ ^  and ]) i s  t h e  f r e q e u n c y  i n  t h e  o r d i n a r y
° ° m e c h a n ic a l  s e n s e .
F o r  q i n  e q u a t i o n  ( 1 3 8 ) ,  we must p u t  t h e  m a t r i x  whose t y p i c a l
c o n s t i t u e n t  i s  , and t h e r e f o r e  s u b s t i t u t i n g  from e q u /n s
( 1 3 4 ) , ( 1 3 3 ) ,  & ( 13b ) ,  we g e t
and t h e r e f o r e ,  2 x
°
Thus caxjanlj  have t h e  v a l u e s  +1^ and
S h a l l  we p u t  -  Vq ,
The eqeiirgy e q u a t i o n  f o r  a  s im p le  ha rm onic  v i b r a t o r  i s  
+ %p.q^ -  E
I n  t h i s  sy s te m  o f  m e c h a n ic s ,  t h i s  amounts t o
1 0 8 .
^ëm.2ÎTi.y^.q^. 2Tri. ) ^ ^ . ^ l o n  -  n^m
yi)
ViTe can  s i m p l i f y  t h i s  by w t i t i n g  m— n , and s i n c e  can  o n ly  
have  t h e  v a l u e s  s p e c i f i e d  above ,  i t  f o l l o w s  t h a t  k  can  o n ly  h a »  
two v a l u e s ,  t h e  s i m p l e s t  o f  which  w i l l  be ( ^ - 1 ) a n d ( n f 1 ) ,  
we g e t  ; -
• | f ^ . “ . ^ o . ( ^ n , n -1 ^n -1  ,K  ) J^ o‘^ (q  q )l ^ n , n t 1  ]ÇL-f1 , n  /j
+ 2'H ' C ^ , n - i  ^n -1 ,n  ^ , n ^ 1  *^+1 ,n)j
-  Enn
t h a t Enn
^k,n-T k - 1  ,n  ^ n+1,n)
T u rn in g  b ac k  uo e q u a t i o n  ( 1 3 / ) ,
-  h or 0
E
nn
^nk*^km " ^nk'^km —
and s u b s t i t u t i n g  i n  t h i s
Bnk— ^*^^nlc — Ink
d t
we g e t
2 " i # m , ^  ^ i k  * ^^nk * ^km "* M o n '^ ^ n k '^ k m  }  — h  or 0
2^1
g i v i n g  k  t h e  two v a l u e s  ( ]p.-1 ) an d  (n f  1 )
L
2 ’' i* ' " ( (H x ,n . i a n ,n -1 V i  ,m) " ( ^ n , n + l k , n +1 V i  ,m)
— J i ï i .m (^n-1 ,m ^ n , n -1 :^^L-i^m) " (^n+ t ,m ^n ,n |- l  ^ n f  1 ,m)J 2  h2TTi
or 0
tOy.
v j u b s t i t u t l n g  I n  t h i s ,  m ^  n  and rem em b er in g  )) -  -  ÿ  e tc*
— rkn •
we g e t ,  p u t t i n g  i n  t h e  v a l u e
^^0 Wn,n_T V i  ,n^ ~ ^ * ^ n ,n + iV i ,n  ^I^t'^'iTm
t h a t  i s  t o  s a y ,
^ \ , n - i V i , n   ^ ■ ^ k , n + t V l , n   ^ ~  -------------
an d  p u t t i n g  i n  t h e  o t h e r  v a l u e s  f o r  n ,  ( n - i  ) , ( n - %) ,  e t c :  
'we g e t  t h e  s e r i e s  : -
(q. q ) -  ( q  q ) -  - h i ) .
n , n -  i ^ - 1  , n  n ,n + i  n+i , n
( q  q ) -  ( q  q ) -  - h w
n -1 , n -2  n - 2 , n - l  n -1 , n  n , n - l  2
S'"
^ S i - ü , n - 3 S i - 3 , n -2   ^ ” ^ S i - ü , n -1  S i - l  , n - 2   ^ —;
'  -  ' " o . A i . o  > - -
S'" .m
and a d d i n g  t h e s e  u p ,  we g e t  : -
- < V n * . V , . n  ' * ‘ " O . - . I - I . l ,  > -
_c:' z 
8" . P .m 
0
C a l l i n g  t h e  s m a l l e s t  one z e r o ,  f o r  s i m p l i c i t y ,  we g e t ,  i f  
we s u b s t i t u t e  t h e s e  v a l u e s  i n  e q u a t i o n  ( I 3y ) ,  w i t h  a p p r o p i a t e  
v a l u e s  f o r  ' n ' ,
nh'). + ( n +1 ) .h^» z. V i _______
* 1 0 .
t h a t  i s
Which i s  t h e  same r e s u l t  as  v/e o b t a i n e d  by t h e  a i d  o f  
Wave M echanics#
We h av e  a l r e a d y  d i s c u s s e d  t h e  e f f e c t  t h a t  t h i s  e x t r a  " ^#h)/  " 
w i l l  h ave  on t h e  d i s t r i b u t i o n  f o r m u l a ,  ( s e e  page  1 0 1 . ;
T h i s  ag reem en t  i s  no mere c o i n c i d e n c e .  I t  c a n  be shown 
t h a t  t h e  b a s i c  e q u a t i o n
p -<L -  q , . p ,  X JÜ__rOc Ian nk km 2 TTi
c a n  be deduced  from Wave Mechanics#
/I
Part 5 .
EXPERIMENTAL METHODS OF DETERIV.INING THE RADIATION CONSTANTS.
We have a l r e a d y  o b ta in e d  t h e  f o l lo w in g  e x p r e s s i o n  f o r  t h e  
r e l a t i o n s h i p  be tw een  th e  a b s o l u t e  t e m p e r a tu r e  o f  t h e  r a d i a ­
t i o n  and t h e  energy  d e n s i t y , ( o r  t h e  i n t e n s i t y  o f  r a d i a t i o n .
^  a .  I  4
T  ^ Cl T 4
I  ^  c ,  T ( s e e  e q u a t i o n  {yd) . )
Suppose t h a t  we have two e n c l o s u r e s  a t  t e m p e r a t u r e s  T and 
T», h a v in g  v e r y  s m a l l  o r i f i c e s  o f  a r e a  and aj , a t  a d i s t ­
ance D a p a r t .
(1 ) ( 2 )
The amount o f  r a d i a t i o n  coming from ( 1) ,  i n  t h e  d i r e c t i o n s
w i t h i n  t h e  s m a l l  s o l i d  a n g le  ^  , t h ro u g h  th e  o r i f i c e  a
1)2
i n  t h e  u n i t  t im e ,  w i l l  be
I ' . a .  Jg
w hich ,  u s i n g  th e  above e q u a t i o n s ,  w i l l  be
O' . a . a ’ .T^
S i m i l a r i t y ,  t h e  amount o f  r a d i a t i o n  coming from t h e  e n c l o s -
au r e  ( 2 ) ,  i n  th e  d i r e c t i o n s  w i t h i n  t h e  s m a l l  s o l i d  a n g le  —





I f  t h e  e n c l o s u r e  ( 1 ) i s  a t  a  h i g h e r  t e m p e r a t u r e  t h a n  t h e  e n c l o s ­
u r e  ( 2 ) ,  t h e n  t h e  e c c e s s  o f  r a d iL a t io n  r e c e i v e d  by (2 )  o v e r  t h a t  
l o s t  t o  ( 1 ) ,  w i l l  be
I . *  ^  4 ,
I, » -  f
I f  we make a ,a*  and D a l l  e q u a l  t o  u n i t y ,  we s e e  t h a t  
R, t h e  e x c e s s  o f  r a d i a n t  en e rg y  l e a v i n g  an  e n c l o s u r e  a t  a 
t e m p e r a t u r e  T, t h r o u g h  an  o f i f i c e  o f  u n i t  a r e a ,  t o w a r d s  a 
s i m i l a r  o r i f i c e  o f  an e n c l o s u r e  a t  a  t e m p e r a t u r e  T», p l a c e d  
u n i t  d i s t a n c e  away, o v e r  t h e  e n e rg y  r e c e i v e d  from  t h e  s e c o n d  
b l a c k - b o d ÿ  by  t h e  f i r s t ,  w i l l  be ; -
R  -  ( T ' ^ )  O '  T ^ ) f f
T T
T h is  e x c e s s  o f  r a d i a n t  en e rg y  r e c e i v e d  o v e r  t h a t  
r a d i a t e d  ca n  be m e a su red ,  and t h u s  t h e  c o n s t a n t  c  o r  cr» 
ca n  be f o u n d ,
T h is  " f o u r t h - p o v œ r  law" i s  e a s i l y  d e m o n s t r a t e d , ( w i t h i n  
t h e  l i m i t s  o f  e x p e r i m e n t a l  e r r o r ) .  I t  was i n  f a c t ,  a s  we know, 
f i r s t  d i s c o v e r e d  e x p e r i m e n t a l l y .  But -  t h e  p r e c i s e  d e t e r m i n ­
a t i o n  o f  t h e  v a l u e  o f  t h e  c o n s t a n t  or i s  n o t  a t  a l l  e a s y ,  a s  
a s t u d ÿ  o f  t h e  r a n g e  o f  t h e  v a l u e s  o b t a i n e d  b y . t h e  v a r i o u s  
i n v e s t i g a t o r s  v/ould i n d i c a t e .  The m easurem ent  o f  t h i s  c o n s t a n t  
h a s  b e e n  u n d e r t a k e n  by ab o u t  a s c o r e  o f  i n v e s t i g a t o r s ,  and  t h e  
r a n g e  o f  t h e  v a l u e s  g i v e n  f o r  C v a r i e s  from 
a -  5 . 3 0  ( e r g s . c m s " ^ . s e c “  ^ .degrees^"^ )x t o
cr -  6. 51  ” " ” " " "
The fo rm e r  v a l u e  was o b t a i n e d  by B au e r  and M ou l in  i n  1 9^9 #
Dric.e(^
and  t h e  l a t t e r  by F e r y , i n  1911.
mThe d i f f é r e n c e  be tw een  t h e s e  two ex t rem e v a l u e s  -  ab o u t  20^ -
seems t o  p o i n t  t o  many s o u r c e s  o f  e r r o r  t o  be overcome in  t h e  
d é t e r m i n â t i o n .
The e a r l i e s t  methods w ere ,  n a t u r a l l y ,  v e r y  ro u g h ,  
and c o r r e c t i o n s  now th o u g h t  t o  be n e c e s s a r y  were  n e g l e c t e d .
F o r  exam ple ,  no c o r r e c t i o n  was made f o r  t h e  a b s o r p t i o n  o f  t h e  
r a d i a t i o n  by t h e  w a t e r - v a p o u r  mn by c a rb o n  d i - o x i d e ,  and 
t h e  d e g re e  o f  p e r f e c t i o n  o f  t h e  b l a c k - b o d y  was n o t  a t  a l l  good, 
I n  t h e  e a r l y  d e t e r m i n a t i o n s  o f  Lebnebach  and C h r i s t i a n s e n ,
" b l a c k - b o d i e s '  were u s e d  which  were  made o f  su c h  t h i n g s  as 
b l a c k e n e d  p l a t e s ,  b l a c k e n e d  b a l l s  o f  c o p p e r  and g l a s s ,  and 
so f o r t h .
I n  many o f  t h e  e a r l i e s t  forms o f  a p p a r a t u s ,  t h e  r a d i a t o r s  
were o p e r a t e d  a t  tmmp a r a t u r e s  t o o  low t o  v^rarrant t h e  n e g l e c t  
o f  t h e  e f f e c t s  o f  t h e  s h u t t e r s ,  e t c :  and t o  j u s t i f y  d i s r e g a r d - ^  
t h e  l o s s  o f  h e a t  by c o n d u c t i o n  away from t h e  r e c e i v e r .  6n 
t h e  o t h e r  h and ,  how ever ,  t o o  h ig h  a t e m p e r a t u r e  o f  t h e  r a d i a t ­
o r  n e c e s s i t a t e s  t h a t  t h e  r e c e i v e r  s h a l l  n o t  be " s l u g g i s h "  i n  
i t s  r e s p o n s e  t o  t h e  r a d i a t i o n ,  and a l t h o u g h  a t t e m p t s  were 
were  made t o  overcome t h i s ,  t h e  e x p e r i m e n t s  u s i n g  a  r a d i a t o r  
a t  h i g h  t e m p e r a t u r e s  were n o t  a s u c c e s s  as  t h e y  were  accom­
p a n i e d  by t o o  s low  a r e s p o n s e ,  and t h e  r e c e i v e r  c o u l d  n o t  be ^
p r o p e r l y  c a l i b r a t e d .
R a d i a t i o n  from a m a t e r i a l  body ,  i n  t h e  o r d i n a r y  way, 
h as  a  more o r  l a s s  d e t e r m i n a t e  s p e c t ru m  which  i s  c h a r a c t e r i s t -  
i c  o f  t h e  m a t e r i a l .  The s p e c t ru m  o f  r a d i a t i o n  from an o r i f i c e ,
----------------------------------------m.
on t h e  o t h e r  h an d ,  i s  d e t e r m i n e d  s o l e l y  loy t h e  t e m p e r a t u r e  
o f  t h e  w a l l s  o f  t h e  e n c l o s u r e ,  and i t  i s  e n t i r e l y  i n d e p e n d e n t  
o f  t h e  natxtne o f  t h e  m a t e r i a l  o f  t h e  w a l l s *  I t  i s  t h e r e f o r e  
t h e  same f o r  e v e ry  m a t e r i a l  e n c l o s u r e .  The p r e s e n t - d a y  b l a c k -  
-body  u s e d  i n  p r a c t i s e  i s  a deve lopm en t  o f  t h e  e a r l y ,  s im p le  
experiments o f  S t . J o h n ,  D ra p e r ,  and C h r i s t i a n s e n .  D ra p e r  f o u n d  
t h a t  t h e  i n t e r i o r  o f  a  r i f l e  b a r r e l  became lu m in e a o e n t  when 
h e a t e d  t o  c e r t a i n  t e m p e r a t u r e s .  C h r i s t i a n s e n  o b s e rv e d  t h a t  t h e  
s c r a t c h e s  and h o l e s  on t h e  s u r f a c e  o f  a  h e a t e d  m e t a l  box w ere  
b r i g h t e r  t h a n  t h e  p la n e  s u r f a c e ,  w h i l e  S t . J o h n  o b s e r v e d  t h a t  
t h e  s e l e c t i v e  e m i s s i o n  o f  c e r t a i n  o x id e s  d i s a p p e a r è d  when 
t h e s e  were  h e a t e d  i n  an e n c l o s u r e .
From t h e s e  and s i m i l a r  o b s e r v a t i o n s ,  grew t h e  "B lack-B ody"  
which  i s  u s e d  i n  more modern t i m e s ,  i n  p r a c t i c e ,  f o r  t h e  
d e t e r m i n a t i o n  o f  t h e  c o n s t a n t s  (T, e t c  : , w h ich  c h a r a c t e r i s e  
f u l l  r a d i a t i o n .  A c t u a l l y  i t  was an i n v e n t i o n  o f  Wien and Lummer 
i n  ab o u t  1855» w i t h  improvments added l a t e r  by C o b l e n t z .
A d iag ram  o f  t h e  b l a c k  body o f  Vifien and Lummer i s  shown i n
f i g u r e  (1A). I t  c o n s i s t s  e s s e n t i a l l y  o f  a p o r c e l a i n  t u b e ,  w i t h
a d iap h ram  a t  one end.  The tu b e  i s  e l e c t r i c a l l y  h e a t e d ,  b e i n g
wound w i t h  p l a t i a u m  r i b b o n  t h r o u g h  which  an e l e c t r i c  c u r r e n t
p a s s e s .  C o b le n tz  m o d i f i e d  t h e  i n s t r u m e n t  by h a v i n g  two more
p o r c e l a i n  t u b e s  o u t s i d e  t h i s  one .  The i n n e r  t u b e , ( A ) ,  c o n s i s t s
o f  M a rq u a rd t  p o r c e l a i n ,  u n i f o r m l y  wound w i t h  p l a t i n u m  r i b b o n ,
w hich  i s  u n i f o r m l y  t h i c k ,  b u t  v a r i e s  i n  v / id th  from 10mm a t  t h e
e n d s ,  t o  20 mm a t  t h e  c e n t r e .  Thus ,  when an e l e c t r i c  c u r r e n t  
p a s s e s  th r o u g h  tn e  w in d in g s ,  t h e r e  w i l l  be more h e a t  d e v e lo p e d
pKii/ae r.
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f\ : kc<l^y Coa{e^ skic(3
K-lc ,
5'  ^ .
i n  t h e  navvoiv p a r t  o f  t h e  w i n d i n g s , on a c c o u n t  o f  t h e  g r e a t e r
r e s i s t a n c e ,  t h a n  i n  t h e  c e n t r e ,  and  t h i s  w i l l  co m p e n sa te  t h u s ,
t h e  g r e a t e r  l o s s  o f  h e a t  a t  t h e  e d g e s .  The t u b e  o u t s i d e  (A),
w i t h
(B i n  t h e  f i g u r e , )  i s  w o u n d ^ u n i fo rm ly  w i t h  p la t im u m  r i b b o n ,  
b u t  t h e  w in d in g s  a r e  n e a r e r  t o g e t h e r  a t  t h e  ends  t h a n  i n  t h e  
c e n t r e .  By r e g u l a t i n g  t h e  c u r r e n t s  t h r o u g h  t h e s e  w i n d i n g s , t h e  
e n c l o s u r e  c a n  be m a i n t a i n e d  a t  a  u n i f o r m  t e m p e r a t u r e  t h r o u g h o u t ,  
as  was e x p e r i m e n t a l l y  d e m o n s t r a t e d  by W aidner  and B u r g e s s .
B l a c k - b o d ÿ  r a d i a t o r s  o f  t h i s  t y p e , d e v e l o p  a  ”s a g ” a t  h i g h  
t e m p e r a t u r e s ,  and t o  overcome t h i s ,  C o b l e n t z  i n t r o d u c e d  a s m a l l  
wedge o f  p o r c e l a i n  t o  s u p p o r t  t h e  i n n e r  t u b e ,  when o p e r a t i n g  
t h e  r a d i a t o r  a t  t e m p e r a t u r e s  o v e r  1200 d e g r e e s  c e n t i g r a d e .
F u r t h e r  im provm ents  w ere  «wade by  p a i n t i n g  t h e  i n s i d e  w a l l s  
and f r o n t  s i d e s  o f  t h e  d ia p h ra m  w i t h  a  c o m p o s i t i o n  o f  chromium 
and c o b a l t  o x i d e s .  T h i s  becomes c o n d u c t i n g  a t  t e m p e r a t u r e s  o v e r  
1 200^0 ,  so  t h a t  t h e  th e rm o c o u p le  had  t o  e n c l o s e d  i n  an  i n s u l ­
a t i n g  p o r c e l a i n  t u b e ,  and  t h e  p a r t  im m é d ia te l y  i i ^ f r o n t  t f  t h e  
d ia p h ra m  p a i n t e d  l i t h  t h e  p a i n t ,  t o  p r e v e n t   ^d i r e c t  r a d i a t i o n » .
The q u e s t i o n  o f  d e f i c i e n c y  i n  ’^ b l a c k n e s s ” i n  t h e  r e c e i v e r  
was d i s c u s s e d  t h o r o u g h l y  by Wien and Lummer, who gave  a  m ethod  
f o r  c o m p u t in g  t h e  c o r r e c t i o n  f o r  t h e  o p e n in g  i n  t h e  r e c e i v e r ,  
on t h e  a s s u m p t i o n  t h a t  i t  i s  s p h e r i c a l  and  d i f f u s e l y  r e f l e c t i n g .  
The amount o f  e n e rg y  t h a t  c a n  e s c a p e  t h r o u g h  t h e  o r i f i c e ,  i s  
p r a c t i c a l l y  d e t e r m i n e d  by t h e  s i z e  o f  t h e  o r i f i c e  i n  c o m p a r i s o n  
w i t h  t h e  s i z e  o f  t h e  E n c l o s u r e .  C o b l e n t z ,  i n  h i s  d e t e r m i n a t i o n ,
makes u s e  o f  t h i s .
The e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  c o n s t a n t , c o n s i s t s
m.
e s s e n t i a l l y  i n ,  e i t h e r  m e a s u r i n g  t h e  h e a t  t r a n s f e r r e d  from 
one b l a c k  body t o  a n o t h e r ,  b o t h  b e i n g  a t  known t e m p e r a t u r e s ,  
o r ,  i n  m e a s u r i n g  t h e  d i f f e r e n c e  i n  t h e  h e a t  t r a n s f e r r e d  when 
t h e  r e c e i v e r  i s  ex p o sed  t o  f i r s t  one b l a c k - b a d y  and them  a n o t h e r  
b o t h  a t  known t e m p e r a t u r e s .  The r a d i a t o r  a t  t h e  lo iver  t e m p e r a t ­
u r e  c a n  b e ,  and i n  f a c t , g e n e r a l l y  i s ,  u s e d  a s  a  s h u t t e r , w^hich 
s t o p s  t h e  r a d i a t i o n  f rcm  t h e  h o t  b l a c k - b o d y  r e a c h i n g  t h e  f o r m e r .  
I f  t h e  t e m p e r a t u r e  o f  t h e  s h u t t e r  i s  lo w e r  t h a n  t h a t  o f  t h e  
r e c e i v e r ,  t h e  l a t t e r  r a d i a t e s  t o  t h e  f o r m e r ,  and  c o n s e q u e n t l y  
i t  i s  i m p o r t a n t  t o  have  t h e  r e c e i v e r  f a c e  o f  t h e  s h u t t e r ,  a  
l a r g e ,  ( s a y  v / a t e r - c o o l e d ) d ia p h ra m ,  w h ich  c a n  be m a i n t a i n e d  a t  
c o n s t a n t  t e m p e r a t u r e  i n  s p i t e  o f ^ r a d i a t i o n  f rom  t h e  r e c e i v e r .
At t h e  b a c k  o f  t h i s  w a t e r - c o o l e d  f a c e ,  i s  p l a c e d  t h e  s h u t t e r ,  
and  b e h i n d  t h a t ,  t h e  r a d i a t o r .  Thus a r r a n g e d ,  t h e  s u r r o u n d i n g
c o n d i t i o n s  f a c i n g  t h e  r e c e i v e r  a r e  n o t  changed  v/hen t h e  s h u t t e r
Cl.»)
i s  open  o r  s h u t .  The f i g u r e  shows t h e  s h u t t e r  u s e d  by C o b l e n t z  
i n  h i s  d e t e r m i n a t i o n  o f  CT .
The w a t e r - c o o l e d  s h i e l d  c o n s i s t s  o f  a  t a n k  A, 2 ^ cms i n  
d i a m e t e r  and 1 ,^cm t h i c k ,  and a  t a n k  B w h ich  f a c e d  t h e  r e c e i v e r .  
The w a t e r - c o o l e d  s h u t t e r , S ,  s o n s i s t e d  o f  a  t h i n  m e t a l  box ,  o f  
d i m e n t i o d s  3 .5  by 3 .5  by Û .8  cms. A m erc u ry  t h e r m o m e te r  was 
p l a c e d  a t  t h  t o  m easure  t h e  t e m p e r a t u r e  o f  t h e  s h u t t e r ,  w h ich  
was t h e  t e m p e r a t u r e  o f  t h e  w a t e r  c i r c u l a t i n g  i n  t h e  s h u t t e r .
The s i d e  f a c i n g  t h e  r a d i o m e t e r  was b l a c k e n e d  v / i th  a sperm c a n d l e  
and the* ^ c o n i c a l  o p e n in g  i n  t h e  s h u t t e r  fo rm ed  a b l a c k - b o d y ,  t h e  
t e m p e r a t u r e  o f  w h ich  r e m a in e d  c o n s t a n t  t h r o u g h o u t  t h e  e x p e r i m e n t  
as t h e  t e m p e r a t u r e  o f  t h e  w^ater c o u l d  e a s i l y  be k e p t  c o n s t a n t .
n i
The o p e n i n g s  i n  B were  d e f i n e d  by a s e r i e s  o f  h o l e s  i n  a  b r a s s  
d i s c ,  w i t h  a c c u r a t e l y  c u t  k n i f e  e d g e s . .  The s i z e  o f  B c o u l d  e a s ­
i l y  be ch an g ed  by s u b s t i t i ^ n g  a n o t h e r  d i s c  a t  B .
The f i r s t  s e r i o u s  a t t e m p t  a t  m e a s u r i n g  t h e  r a d i a t i o n  
c o n s t a n t ,  was made by K urlbaum , i n  1 8 9 8 . S i n c e  t h a t  t i m e ,  a b o u t
bee,v
a  s c o r e  o f  o t h e r  e x p e r i m e n t e r s  habe^^made » s e r i o u s  » a t t e m p t s .
Thh f o l l o v f i n g  t a b l e  shows a  c h r o n o l o g i c a l  l i s t  o f  t h e  m e a s u r e ­
m e n t s ,  b u t ,  i n  d e s c r i b i n g  them ,  we s h a l l  d i v i d e  them  i n t o  
t h r e e  gDUups, : -
( i ) .  B o l o m e t r i c  methods ( u s i n g  b l a c k e n e d  s t r i p s  as  r e c e i v e r s )
( i i )  T h e rm o m e tr ic  " ( ” » b l a c k » r e c e i v e r s . )
( i i i )  S u b s t i t u t i n n  ”
T h ro u g h o u t  t h e  f o l l o w i n g  d e s c r i p t i o n ,  we 
s h a l l  m e re ly  g iv e  t h e  " s i g n i f i c a n t  figirres»» f o r  o', w i t h o u t  
w r i t i n g  t h e  power o f  t e n  w h ich  s h p u l d  m u l t i p l y  i t ,  and 
w r i t i n g  t h e  " u n i t s "  e v e ry  t i m e .
F o r  example,-'  cT 5*735* 
m e a n s ,
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( i ) 30L0METER METHODS.
The p r i n c i p l e  o f  t h e  m ethod i s  r o u g h l y  t h e  f o l l o w i n g .  
T hree  h ram ches  o f  a W h e a ts to n e  "bridge a r e  composed o f  t h i c k  
m angan in  s t r i p s  o r  w i r e s ,  w h ich  do n o t  change  i n  r e s i s t a n c e  
i n  c o n s e q u e n c e  o f  h e a t i n g  "by an  e l e c t r i c  c u r r e n t  w h ich  p a s s e s  
t h r o u g h  them , o r  as  t h e  c u r r e n t  h e a t i n g  them i s  a l t e r e d .
The f o u r t h  "branch o f  t h e  b r i d g e  i s  made o f  t h i n  s t r i p s  o f  
p l a t i n u m ,  t h e  r e s i s t a n d e  o f  w h ic h  i s  r e a d i l y  a f f e c t e d  "by 
c h an g es  i n  t h e  b r i d g e  c u r r e n t s .  The b r i d g e  i s  c a r e f u l l y  
b a l a n c e d ,  and t h e n  t h i s  f o u r t h  bafxmch i s  e x p o s ed  t o  r a d i a t i o n  
t h e  e n e rg y  o f  v/hich i t  i s  r e q u i r e d  t o  m e a s u r e .  The change  i n  
t h e  r e s i s t a n c e  o f  t h i s  b o l o m e t e r  s t r i p  i s  n o t e d ,  o r  s im p ly  
t h e  g a lv am o m ète r  d e f l e c t i o n  i s  n o t e d .  The b o l o m e t e r  s t r i p  
i s  t h e n  s h i e l d e d  from th e  r a d i a t i o n  and t h e  b r i g g e  c u r r e n t  
a l t e r e d  u n t i l  t h e  g a l v a n n m e t e r  shows t h e  same d e f l e s t i o n  
as  when t h e  s t r i p  was ex p o sed  t h  t h e  r a d i a t i o n .  By m e a s u r e ­
ment o f  t h e  c u r r e n t  i n  t h i s  s t r i p ,  t h e  e n e rg y  o f  t h e  r a d i a t i o
n
c a n  be com puted .  The d i f f i c u l t y  o f  t h i s  m ethod i s  t h a t  t h e  
b o l o m e t e r  s t r i p  i s  mot a  p e r f e c t  a b s o r b e r ,  and  c o r r e c t i o n s  
have  t o  be made f o r  t h i s .  These  e s t i m a t i o n s  a r e  n o t  a t  a l l  
e a sÿ  t o  make a c c u r a t e l y ,  -  i n  f a c t ,  i n  t h e  e a r l i e s t  d e t e r m i n ­
a t i o n s ,  t h e y  were  what m igh t  be d e s c r i b e d  as  " ro u g h  g u es se sV  
Kurlbaum^ s m easurem ent
F i g u r e  ( i )  shows t h e  a r r a n g e m e n t  o f  h i s  a p p a r a t u s .
C-j and  Cg a r e  turn c y l i n d e r s  w i t h  o p e n in g s  a t  0  ^ and  Og. 
q i s  b l a c k e n e d ,  and C 2 i s  l e f t  u n b l a c k e n e d .
nqons  5 .
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3 )  p k » n f t .r \_  (v  I / ( .  Cx V c » ^  A - o /e _
• h i3 lo n \ t ,h jr  S ^ r ^ p U ) .
\ f  Sku-(r«ir
A
They a r e  p l a c e d  i n  a  b o i l e r  i n  w h ich  t h e  v ; a t e r  b o i l s  u n d e r  
a t m o s p h e r i c  p r e s s u r e .  Z and A a r e  t h e  i n l e t s  and o u t l e t s  f o r  
t h e  s te am  t o  t h e  b o i l e r .  Be tw een  t h e  r e c e i v e r  and t h e  s o u r c e  a r e  
rows o f  b l a c k e n e d  d ia p h ra m s ,  t o  p r e v e n t  t h e  r a d i a t i o n  r e f l e c t e d  
from t h e  w a l l s  o f  t h e  r a d i a t o r  f rom r e a c h i n g ^ t h e  r e c e i v e r  ( t h e  
b o l o m e t e r  s t r i p . )  B i s  a d ia p h ra m  w i t h  a  c i r c u l a r  h o l e  i n  i t ,
w i t h  s h a r p  edges  and t h e  r a d i u s  o f  vyhich i s  a c c u r a t e l y  known,
B i s  p l a c e d  e x a c t l y  in / f r o n t  o f  t h e  s o u r c e , 0 , and t h e  b o l o m e t e r  
s t r i p  p l a c e d  i n  l o n e  w i t h  t h e s e  tw o .  The d ia p h ra m  0 c a n  be c l o s -  
edjwith a  s h u t t e r  V w hich  p r e v e n t s  t h e  r a d i a t i o n  from  r e a c h i n g  
t h e  s t r i p .  I n  h i s  e a r l y  e x p e r i m e n t s ,  Kurlbaum t o o k  no p r e c a u t ­
io n s  t o  e n s u r e  t h a t  t h e  t e m p e r a t u r e  o f  t h e  s h u t t e r  was t h e  same 
as  t h a t  o f  t h e  b o lo m e t e r  s t r i p ,  a l t h o u g h  he l a t e r  r e m e d ie d  t h i s .
By m e a s u r in g  t h e  eiergy i n  t h e  r a d i a t i o n  ( -  by m e a s u r i n g  
t h e  c u r r e n t  mn t h e  b o l o m e t e r  s t r i p  r e q u i r e d  t o  p ro d u c e  t h e  same 
d e f l e c t i o n  -  ) Kurlbaum o b t a i n e d  a  v a l u e  f o r  t h e  r a d i a t i o n  
c o n s t a n t .
S o u r c e s  o f  e r r o r  i n  h i s  m e asu rem e n t ,
Kurlbaum h i m s e l f  adm itW  t h a t  t h e  b o l o m e t e r
s t r i p  was n o t  a  p e r f e c t  a b s o r b e r ,  and  t o  overcome t h i s  d i f f i ­
c u l t y ,  he b à à c k e n e d  t h e  s t r i p  w i t h  su c h  s u b s t a n c e s  as  lam p­
b l a c k  and p la t im um  b l a c k ,  and w i t h  a d e p o s i t  o f  t h e  l a t t e r  o v e r  
t h e  f o r m e r .  He a d m i ts  o f  two f u r t h e r  s o u r c e s  o f  e r r o r .
F i f t s t l y  t h a t  t h e  b o lo m e te r ^ s  t e m p e r a t u r e  may be  d i f f e r e n t  when 
i t  i s  e l e c t r i c a l l y  headed  from when i t  i s  h e a t e d  by t h e  
r a d i a t i o n .  T h a t  i s  t o  s a y ,  t h e  l a t t e r  m ethod o f  h e a t i n g  w i l l  
a f f e c t  t h e  n e a r e s t  s u r f a c e  f i r s t  and t h e n  t h e  w hole  s t r i p  by
127.
c o n d u c t i o n  away f rom  t h i s  s u r f a c e ,  w h e r e a s ,  by t h e  e l e c t r i c a l  
h e a t i n g ,  t h e  w h o le  s t r i p  w i l l  be warmed more o r  l e s s  u n i f o r m l y ,  
and  t h u s ,  t h e  e l e c t r i c a l  i n p u t  maÿ n o t  be t h e  same as  t h e  r a d i a ­
t i o n  e n e rg y  r e c e i v e d ,  w h ich  c a u s e s  t h e  same change  i n  t h e  r e s i s ­
t a n c e  o f  t h e  s t r i p ,  Kurlbaum  r e a l i s e d  t h a t  ” t h e  b e t t e r  t h e  
b l a c k e n i n g  d e p o s i t ,  t h e  w o r s t  t h e  c o n d u c t i o n  c a p a b i l i t i e s  o f  t h e  
b l a c k e n e d  s u r f a c e ,  ” and he a l l o w e d  a d i f f é r e n t e  o f  a b o u t  f o r  
a  t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  t h e  a c t u a l  s u r f a c e ,  and t h e  
o u t e r  s u r f a c e  o f  t h e  b l a c k e n i n g .
Kurlbaum  made, a t  f i r s t ,  no c o r r e s t i o n  f o r  t h e  l a c k  o f  
b l a c k n e s s  i n  t h e  r e c e i v e r  and f o r  a b s o r p t i o n  o f  t h e  r a d i a t i o n  
by t h e  a t m o s p h e r e .  He a r r a n g e d  two b o l o m e t e r  s t r i p s ,  one b e h i n d  
t h e  o t h e r ,  as  t h e  f i g u r e  show s,  and i n  h i s  e a r l i e s t  d e t e r m i n a t i o n  
m e r e ly  b l a c k e n e d  them w i t h  s u r f a c e  b à à c k e n i n g .  I n  a  l a t e r  
e x p e r i m e n t ,  h o w e v e r ,h e  made a  f u r t h e r  d e t e r m i n a t i o n  o f  t h e  c o n s t ­
a n t  i n  w h ich  he a l lo w e d  f o r  l o s s  by r e f l e c t i o n  o f  ab o u t  2 .^% 
from t h e  s u r f a c e  o f  t h e  b o l o m e t e r  s t r i p .  L a t e r  i n v e s t i g a t i o n s  
by C o b l e n t 7,, who, u s i n g  t h e  b l a c k e s t  o b t a i n a b l e  d e p o s i t s ,  fo u n d  ^ 
t h a t  t h e  r e f l e c t i n g  power i s  a b o u t  Zfo f o r  w a v e l e n g th s  up  t o  
a b o u t  2 ^ .  A m i c r o s c o p i c  e x a m i n a t i o n  o f  t h e  s u r f a c e s  shuwed t h a t  
t h e r e  were p a t c h e s  o f  b r i g h t  p la t im u m  on e v e n  t h e  b l a c k e s t
o b t a i n a b l e  s u r f a c e .
The f i n a l  a v e ra g e  v a l u e  o f  a l l  h i s  r a d i a t o r s  and r e c e i v e r s  
was g i t r e n  by Kurlbaum as cr -  Jp.32. T h i s  was c o r r e c t e d  l a t e r
to .
m.
V a l i n t i n e r ^ s  D e t e r m i n a t i o n .
Kurlbaum ^s method was c a r r i e d  f u r t h e r  by Y a l i n t i n e r  
some y e a r s  l a t e r , ( i n  1 9 0 9 ) He u s e d  e s s e n t i a l l y  t h e  same a p p a r ­
a t u s  as  K urlbaum , b u t  workeci t o  much h i g h e r  t e m p e r a t u r e s ,  and 
u s e d  much l a r g e r  b o l o m e t e r  s t r i p s .  He t o o k  h i s  o b s e r v a t i o n s  up 
t o  t e m p e r a t u r e s  o f  UOO^C. The e s s e n t i a l  d i f f e r e n c e ,  t h e r e f o r e ,  
i n  t h e  m ethods i s  t h a t  o f  t h e  h e a t i n g  o f  t h e  f u l l  r a d i a t o r .  I n  
t h e  ^ i g h  t e m p e r a t u r e  d ^ t ^ m i n a t i o n s , he u s e d  t h e  e l e c t r i c a l l y -  
h e a t e d  b l a c k  b o d y ,  p r e v i o u s l y  d e s c r i b e d .  The v a l u e  t h a t  he gave  
f o r  cT was cr -_ 5 . 5 6
On f u r t h e r  c o n s i d e r a t i o n s ,  he added  c o r r e c t i o n s  f o r  r e f l e c t i o n  
f rom  t h e  b o l o m e t e r ,  o f  2 . 5 ^ ,  making cr ,2. 5 . 6 8 . A l lo w in g  a  f u r t h e r  
c o r r e c t i o n  f o r  a t m o s p h e r i c  a b s o r p t i o n ,  t h e  f i n a l  v a l u e  was g i v e n  
as  CT J2. f rom 5 . 6 8  t o  5 *7 5 .
The t h i r d  name a s s o c i a t e d  v / i th  t h i s  method o f  d e t e r m i n i n g  
cT, i s  t h a t  o f  GKRLaCH. A l th o u g h  h i s  m ethod i s  n o t ,  s t r i c t l y  
s p e a k i n g  a  b o l o m e t r i c  one i n  e x a c t l y  t h e  same way t h a t  t h e  
p r e v i o u s l y  d e s c r i b e d  ones w e re ,  we s h a l l  i n c l u d e  i t  i n  t h i s  
g ro u p  b e c a u s e ,  f i r s t l y ,  i t  i s  o f  a  v e r y  s i m i l a r  n a t u r e , c o n s i s t ­
i n g  i n  t h e  b a l a n c i n g  o f  t h e  change i n  r e s i s t a n c e  o f  a  s t r i p  
a g a i n s t  t h e  change  i n  r e s i s t a n c e  o f  a  s i m i l a r  s t r i p ,  c a u s e d  by 
a t e m p e r a t u r e  change i n  i t  ; and s e c o n d l y ,  b e c a u s e  a  d e s c r i p t i o n  
o f  G e r l a c h ^ s  work must n e c e s s a r i l y  be p l a c e d  a d j a c e n t  t o  t h a t  o f  
Kurlbaum  and V a l i n t i n e r ,  on a c c o u n t  o f  t h e  hhm erous  co m m u n ica t ­
i o n s  t h a t  were  p u b l i s h e d  by them , as t o  s o u r c e s  o f  e r r o r  i n  
e a c h  o t h e r s   ^ w ork .
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G-erlach u s e d ,  i n s t e a d  o f  a  ‘b o lo m e te r  s t r i p ,  a  form  o f  
Ai?strom P ^ r J a r l i o m e t e r • I n  t h e  o r i g i t o a l  form o f  t h i s  a p p a r a t u s  
t h e  r e c e i v e r s  a r e  two t h i n  s t r i p s  o f  m a n g a n in ,  t o  e a c h  o f  w h ich  
i s  a t t a c h e d  one j u n c t i o n  o f  t h e  t h e r m o e l e m e n t ,  w h ich  i s  j o i n e d  
t h r o u g h  a g a l v a n o m e t e r • One o f  t h e s e  s t r i p s  i s  e x p o s e d  t o  t h e  
r a d i a t i o r ^ w h i l e  t h e  o t h e r  i s  h e a t e d  w i t h  an  e l e c t r i c  c u r r e n t , 
E q .u a l i ty  o f  t e m p e r a t u r e  i n  t h e  s t r i p s  i s  i n d i c a t e d  by no 
c u r r e n t  i n  t h e  g a l v a n o m e t e r .
G e r l a c h ^ s  i n s t r u m e n t  c o n s i s t e d  o f  o n l y  one mangamM 
s t r i p ,  a t  t h e  b a c k  o f  w h ich  i s  p l a c e d  a  t h e r m o p i l e  c o n s i s t i n g  
o f  f o u r t y - f i v e  t h e r m o e l e m e n t s , ( j o i n e d  t h r o u g h  a g a l v a n o m e t e r ) .
The p i l e  i s  h e a t e d  by t h e  r a d i a t i o n  f rom  t h e  s t r i p .  G e r l a c h  u s e d  
s o  many e l e m e n t s  i n  o r d e r  t o  e l è m i n a t e  t h e  e f f e c t  o f  i n e q u a l i t y  
o f  t h e  r e c e i v e r #  The r e c e i v e r  i d  b l a c k e n e d  e l ^ t r o l y t i c a l l y  
w i t h  pàatiJEum b l a c k  and t h e  m angan in  s t r i p  i s  h e a t e d  e l e c t r i L è a l l y  
t o  s u c h  a  t e m p e r a t u r e  t h a t  t h e  e f f e c t  on t h e  p i l e  i s  t h e  same 
as  when i t  i s  h e a t e d  w i t h  r a d i a t i o n  f rom  t h e  b l a c k - h o d y . By 
know ing  t h e  r e s i s t a n c e  o f  t h e  s t r i p  and the  e l e c t r i c  c u r r e n t ,  the  
e l e c t r i c a l  e n e rg y  ca n  be c a l c u l â t ed and h en c e  t h e  r a d i a n t  e n e r g y  
com p u ted .
G e r l a c h  h ad  g r e a t  d i f f i c u l t y  i n  know ing  e x a c t l y  when he had
c o m p e n s a te d  t h e  r e c e i v e r  w i t h  t h e  e l e c t r i c a l  h e a t i n g .  He fo u n d
t h a t  c o v e r i n g  t h e  s i d e s  o f  t h e  r e c e i v e r  w i t h  k n i f e  edged  s l i t s
h a d  no e f f e c t  on t h e  f i n a l  v a l u e ,  b u t  t h a t  c o v e r i n g  t h e  ends  o f
t h e  m angan in  w i r e s  t o  s h i e l d  them from t h e  r a d i a t i o n  c a u s e d  an
i n c r e a s e  i n  t h e  v a l u e  o f  cT from 5 . 8 5  t o  6 . 1 4 ,  when t h e  ends  
w ere  c o v e r e d  1 more.
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He a t t r i b u t e d  t h i s  t o  t h e  c o n d u c t i o n  o f  h e a t  f rom  t h e  
r e c e i v e r  t o  t h e  heavy  c o p p e r  e l e c t r o d e s #  I n  p n a c t i c e ,  he  
e x p o s e d  t h e  w hole  t h e  l e n g t h  o f  t h e  s t r i p  t 6  t h e  r a d i a t i o n ,  
c l a i m i n g  t h a t  t h e  h e a t  c o n d u c te d  from t h e  ends  o f  t h e  s t r i p  
w i l l  be t h e  same when i t  i s  e l e c t r i c a l l y  h e a t e d  as  when i t  i s  
h e a t e d  by t h e  r a d i a t i o n #
H is  work a r r o u s e d  c o n s i d e r a b l e  d i s c u s s i o n  among t h e  
o t h e r  e x p e r i m e n t e r s  and i t  was v e r y  v i g o r o u s l y  a t t a c k e d  by 
V a l i n t i n e r  and Kurlbaum# The outcome o f  t h e s e  a t t a c k s  was 
t h a t  G-erlach went t o  a  g r e a t  d e a l  o f  t r o u b l e  t o  d e t e r m i n e  
i n d e p e n d e n t l y  t h e  v a r i o u s  c o r r e c t i o n  f a c t o r s ,  s u c h  a s  t h e  e f f e c t s  
o f  a b s o r p t i o n  o f  t h e  w a t e r  v a p o u r  i n  t h e  a i r ,  and t h e  c a r b o n  
d i - o x i d e ,  and t h e  r e f l e c t i n g  power o f  t h e  v a r i o u s  b l a c j ; e n i n g  
m a t e r i a l s ,  e t c  : and  t o  e l i m i n a t e  t h e  s o u r c e s  o f  e r r o r  p o i n t e d
o u t  t o  hiiji# F i n a l l y ,  he o p e r a t e d  h i s  a p p a r a t u s  i n  a  b o l o m e t r i c  
way, s i m i l a r  tof the  method u s e d  by Kublbaum, and  he showed t h a t  
he  o b t a i n e d  t h e  same v a l u e  f o r  cT as  when he u s e d  t h e  a p p a r a t u s  
i n  t h e  o t h e r  way#
The i n i t i a l  v a l u e  g i v e n  f o r  CF- was 5*83» w h ich  was s u b s e q u e n t ­
l y  c o r r e c t e d ,  a f t e r  many e x p e r i m e n t s ,  t o  3 #8 0 .
C .o b l£ n tz l s  d e t e r m i n a t i o n  o f  t h e  c o n s t a n t
The most i m p o r t a n t  i n v e s t i g a t i o n  o f  t h i s  t y p e , up  t o
t h i s  t im e  ( 13135- was made bÿ  ü o b l e n t z ,  a f t e r  a  c a r e f u l  s t u d y
o f  t h e  w ork  o f  t h e  t h r e e  p r e v i o u s  i n v e s t i g a t o r s .  He t r i e d  t o
e l i m i n a t e  t h e  bad  p o i n t s  i n  t h e i r  a p p a r a t u s , and  t o  embody t h e
good  o n e s ,  and  so  t h  e l i m i n a t e  t h e  s o u r c e s  o f  e r r o r #
F i r s t l y ,  as we i n d i c a t e d  i n  d e s c r i b i n g  i t ,  C o b l e n t z
im p ro v ed  t h e  b l a c k - b o d y  r a d i a t o r  o f  Wien and Lummer t o  make i t  
a s ^ b la o k ^  as  p o s s i b l e .  S e c o n d l y ,  he g r e a t l y  im p ro v ed  t h e  s h u t t e r  
and t h i r d l y ,  he t r i e d  t o  employ a  p e r f e c t l y  b l a c k  r e c e i v e r .
Vi/ith r e g a r d  t o  t h e  r a d i a t o r .  He h e a t e d  u n i f o r m l y  t h e  i n t e r ­
i o r  o f e r  a  r a n g e  o f  8 -  10 cm s, a l t h o u g h  he u s e d  o n ly  a  l e n g t h  
o f  2 . 3  cms. The t o t a l  s r e a  o f  t h e  e n c l o s u r e  was 3 7 . 6  s q .  cms, and  
t h a t  o f  t h e  o p e n in g  was 3*1 s q . c n s .  He assum ed t h a t  t h e  r e f l e c ­
t i n g  power o f  t h e  i n t e r i o r  o f  t h e  potunted r e c e i v e r  v/as 7 fo and 
t h e  l o s s  o f  e n e rg y  o f  t h e  r e c e i v e r  by d i f f u s e  r e f l e c t i o n  a t  
t h e  o r i f i c e  v\ a^s .639^. U s in g  a  p a i n t e d  k a r q u a r d t  p o r c e l a i n  
r a d i a t o r ,  t h e  c o e f f i c i e n t  o f  t o t a l  r a d i a t i o n ,  0*, was d e c r e a s e d
by a b o u t  I/o, and  t h i s  d e m o n s t r a t e s  t h e  i m p o r t a n c e  o f  t h e
r a d i a t o r
q u e s t i o n  o f  " b l a c k n e s s ” i n  t h e  r a d è â t e r .
The employment o f  t h e  w a t e r - c o o l e d  s h u t t e r  was a  new
f e a t u r e ,  n o t  p r e v i o u s l y  em ployed ,  t h e  f o r m e r  i n v e s t i g a t o r s  hay__ 
ing- g i v e n  l i t t i i  a t t e n t i o n  t o  t h i s  q u e s t i o n .  T h i s  f e a t u r e  we 
h av e  a l r e a d y  d e s c r i b e d .
F o r  t h e  r e d è i v e r ,  i t  was d e c i d e d  t o  u s e  a  form o f  m o d i f i e d  
A ngs trom  p y r h e l i o m e t e r , embodying f u r t h e r  im provm en ts  n o t  
t r i e d  o u t  b e f o r e .  To p r o v i d e  b e t t e r  i n s u l a t i o n  and t o  r e d u c e  
t h e  h e a t  c a p a c i t y  o f  t h e  m angan in  s t r i p ,  t h e  t h e r m o p i l e  was 
p l a c e d  a  s h o r t  d i s t a n c e  t o  t h e  b a c k  o f  t h e  r e c e i v e r  a s  shown 
i n  t h e  f i g u r e s  (3&4 ) i n  a  way s i m i l a r  t o  t h a t  u s e d  by G-erlach .  
The d i f f e r e n c e  b e tw een  t r i e i r  methods l a y  i n  t h e  f a c t  t h a t  i n  
C o b l e n t z ^ s  a p p a r a t u s ,  t h e  p o t e n t i a l  t e r m i n a l s  w ere  mounted  
a c t u a l l y  on t h e  r e c e i v e r  R and a t  a s u f f i c i e n t  d i s t a n c e  f ro m  
i t s  ends  t o  a v o i d  t h e  d i f f i c u l t y  e n c o u n t e r e d  by G e r l a c h  o f  t h e
c o n d u c t i o n  o f  h e a t  t o  t h e  e l e c t r o d e s #  The p o t e n t i a l  w i r e s  
w ere  f rom  . 0 0 3  -  . 023  i n  d i a m e t e r  and  a c c u r a t e l y  d e f i n e d  
t h e  c e n t r a l  p a r t  o f  t h e  r e c e i v e r  w h ich  v/as u s e d  f o r  t h e  me a s  
u r e m e n t . By e x p o s in g  t h e  whole  o f  t h e  r e c e i v e r  t o  t h e  r a d i a t i o n  
i n  t h i s  way, t h e  c o n d u c t i o n  l o s s e s  from i t s  ends  do n o t  e n t e r  
i n t o  t h e  q u e s t i o n .  The a c t u a l  e f f e c t s  o f  t h e  t e r m i n a l s  w ere  
d e t e r m i n e d  by u s i n g  a  t h i r d  t e r m i n a l  P» and  fo u n d  t o  be n e g l i g ­
i b l e ,  v i z  a b o u t  . 3 /0. T h is  method mf f i n d i n g  t h e  p o t e n t i a l  d i f f ­
e r e n c e  b e tw e e n  t h e  two t e r m i n a l s  a t t a c h e d  t o  t h e  r e c e i v e r  seems 
more o b t a i n  t h a n  f i n d i n g  t h e  p o t e n t à à l  d i f f e r e n c e  b e t w e e n  two 
h ea v y  e l e c t r o d e s ,  as u s e d  by G e r l a c h ,
C o b l e n t z  a t  f i r s t  u s e d  t h e  r e c e i v e r  i n  c o n j u n c t i o n  w i t h  a 
h e m i s p h e r i c a l  m i r r â r ,  p l a c e d  in j f r o n t  o f  t h e  r e c e i v e r ,  b u t  a f t e r  
some d i s c u s s i o n  as  t o  w h e th e r  t h i s  c a u s e d  f u r t h e r  ^ s o u f c e g  o f  
e r r o r  when t h e  r e c e i v e r  i s  e l e c t i i c à l l y  h e a t e d ,  and on d e c i d i n g  
t h a t  i t  w o u ld ,  he d ropped  t h i s  f e a t u r e  o f  t h e  a p p a r a t u s .  S u b s e ­
q u e n t l y  t h i s  m i r r o r  was u s e d  t o  d e t e r m i n e  t h e  d i f f u s e  r e f l e c t i o n
d e p o s i t s  *
from  l a m p - b l a c k e n e d  s u r f a c e s  and p la t im u m  b l a c k  and
f i n a l l y  f o r  d e t e r m i n i n g  t h e  l o s s e s  by r e f l e c t i o n  o f  some o f  t h e  
r e c e i v e r s  a c t u a l l y  employed i n  t h e  d e t e r m i n a t i o n s .  As a  r e s u l t  
o f  t h e s e  e x p e r i m e n t s ,  he was a b l e  t o  c o r r e c t  f o r  t h e  e n e r g y  
l o s s e s  fromjthe r e c e i v e r - s u r f a c e  on a c c o u n t  o f  i t s  l a c k  o f  b l a c k ­
n e s s ,  t o  s u c h  a  d e g re e  o f  a c c u r a c y ,  t h a t  h ad  he a c t u a l l y  u s e d  
a^ b l a c k - b o d y » he would have  o b t a i n e d  t h e  sanie v a l u e  f o r  a /
To t e s t  f u r t h e r  t h e  a c c u r a c y  o f  t h e  v a r i o u s  c o r r e c t i o n s  tiitf* 
had  b e e n  made f o r  e l i m i n a t i n g  t h e  l o s s e s  by r e f l e c t i o n ,  a s e r i e s
o f  o b s e r v a t i o n s  were made o£ one r e c e i v e r . I n  t h i s  c a s e  t h e  s l i t s
tîffV
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i n  f r o n t  o f  t h e  r e c e i v e r  and a l l  o t h e r  c o n d i t i o n s  remained, 
u n c h a n g e d .  The o n ly  v a r i a t i o n  v/as t h e  sm oking  o f  t h e  p la t im u m  
r e c e i v e r  w i th  a sperm c a n d le  a f t e r  making t h e  f i r s t  s e t  o f
o b s e r v a t i o n s . The r e f l e c t i n g  power o f  t h e  p l a t i n u m  r e c e i v e r ,
b l a c k e n e d !  w i t h  p la t im um  b l a c k  was t a k e n  as 1.?^ ,  and w i t h  
l a m p - b l a c k ,  as 1 .  The r e s p e c t i v e  d e t e r m i n a t i o n s ^  f o r  t h e  l o s s ­
es  o f  en e rg y  by r e f l e c t i o n  were ^ . 8 1 4  and 5 . 822 ,  d i f f e r i n g  by 1fo.
F i g u r e  (/f) shows as a s sem b led  formjof t h e  a p p a r a t u s .  A add B
a r e  w a t e r - c o o l e d  d ia p h ra m s ,  S t h e  s h u t t e r ,  F t h e  r a d i o m e t e r ,  and 
B t h e  t e l e s c o p e d  t u b e s  c o n t a i n i n g  p h o sp h o ru s  p e n t o x i d e  f o r  d r y i n g  
t h e  t u b e s . The a b s o r p t i o n  by t h e  i n t e r v e n i n g  a i r  was e s t i m a t e d  
a t  . 1^ ,  w h ich  was co n f i rm ed  by G e r l a c h .  ' i
The t h e r m o p i l e  was c o n n e c te d  t b  a  w e l l - s h i e l d e d  g a l v a n o m e t e r  
w h ich  s e r v e d  as a n u l l  i n s t r u m e n t  f o r  i n d i c a t i n g  t h e  r i s e  i n  
t e m p e r a t u r e ,  f o r  t h e  e l e c t r i c a l  and r a d i a n t  h e a t i n g .
The method o f  t a k i n g  o b s e r v a t i o n s  c o n s i s t e d  i n  e x p o s i n g  t h e  
r e c e i v e r  t o  t h e  r a d i a t i o n ,  noting-  t h e  d e f l e c t i o n  o f  t h e  g a l v a n o  _ 
m e te r  and t h e n  h e a t i n g  t h e  s t r i p  t o  {give t h e  same d e f l e c t i o n .
The e l e c t r i c  power ifi t h e  s t r i p ,  was m easu red  w i t h  a  p o t e n t i o m e t ­
e r ,  w h ich  was a l s o  u s e d  f o r  m e a s u r in g  t h e  t e m p e r a t u r e  o f  t h e  
r a d i a t o r .  C o b le n tz  e x p e r i e n c e d  no d i f f i c u l t y  i n  d e t e r m i n i n g  
when t h e  e l e c t r i c  and r a d i a n t  h e a t i n g  were  co m p e n sa te d .
The e x a c t  amount o f  e l e c t r i c a l  en e rg y  n e c e s s a r y  t o  p ro d u c e  
t h e  same d e f e c t i o n  o f  t h e  g a l v a n o m e te r  as  t h e  r a d i a t i o n  was o b t  
t a i n e d  by t h e  r a t i o  o f  t h e  d e f l e c t i o n s .  He f o l l o w e d  t h e  p r e v i o u s  
i n v e s t i g a t o r s  i n  r e d u c i n g  t h e  d a t à .  The a r e a  o f  t h e  r e c e i v e r  ex^  
p o se d  t o  t h e  r a d i a t i o n ,  A and t h e  a r e a s  o f  t h e  d ia p h ra m s  o f  t h e
I2ff.
w a t e ô - o o o l e d  s h u t t e r g j  must be known a c c u r a t e l y .  I f  t h i s  l a t t e r  
i s  A-j , and  B i s  t h e  d i s t a n c e  b e tw e e n  t h e s e  two s u r f a c e s ,  t h e n  
e q u a t i n g  t h e  e l e c t r i c a l  e n e rg y  t o  t h e  r a d i a n t  e n e r g y ,  we g e t  : -  
E . I  -  0-.(t4_ i 4 ) . a  . a
3)2
w^here T and T  ^ a r e  t h e  t e m p e r a t u r e s  o f  th e  r a d i a t o r  and  r e c e i v e r
r e s p e c t i v e l y .
I f  t h e  d i s t a n c e  B i s  s m a l l  com pared  w i t h  t h e  d i a m e t e r s  o f  t h e  
o r i f i c e s ,  a  c o r r e c t i o n  t e r m  must be a p p l i e d  t o  t h e  e q u a t i o n ,  
n am ely  : -  A& A$.( 1 -1
w here  a , b , a l b }  a r e  t h e  s i d e s  o f  t h e  r e c t a n g u l a r  o p e n i n g s
i n  t h e  d i a p h r a m s .
T h i s  l a t t e r  c o r r e c t i o n  can  be r e d u c e d  t o
Av A»*(1 -  1 .
A
Coblen tgg:  fo u n d  t h a t  t h i s  s e c o n d  c o r r e c t i o n  t e r m  was s u f f i c i e n t l y  
a c c u r a t e ,  as  i t  am ounted  t o  l e s s  t h a n  . 2^#
He o p e r a t e d  |%is r e c e i v e r  a t  t e m p e r a t u r e s  o f  8C0 -  1000^ .
He u s e d  10 d i f f e r e n t  r e c e i v e r s ,  a p p l y i n g  t o  them a  c o r r e c t i o n  
o f  1 .2fo f o r  l o s s e s  by r e f l e c t i o n .  He g av e  cr a s  5 . 7 2 2 .
I n  t h i s  v a l u e  t h e r e  i s  no c o r r e c t i o n  f o r  t h e  a t m o s p h e r i c  
a b s o r p t i o n .  A l lo w in g  f o r  t h i s ,  t h e  v a l u e  f o r  cr i s  i n c r e a s e d  t o  
(T -  5 . 7 ) .
The m ethod  o f  d e t e r m i n a t i o n  i d  u n s y m m e t r i c a l  i n  t h a t ,  when 
e x p o s e d  t o  t h e  h e a t i n g ,  t h e  h e a t i n g  i s  p r o d u c e d  i n  t h e  l a m p - b l a c k  
s u r f a c e ,  w h i l e  t h e  e l e c t r i c  c u r r e n t  g e n e r a t e s  h e a t  w i t h i n  t h e  
r e c e i v e r .  C o b l e n t z  made a  s e p a r a t e  d e t e r m i n a t i o n  t o  f i n d  t h e  
e f f e c t  o f  t h i s  and he fo u n d  t h a t  i t  was n e g l i g i b l e .
I3Û.
F o r  any one r e c e i v e r ,  t h e  r e s u l t s  a g r e e d  t o  w i t h i n  w h i l e  
f o r  t h e  d i f f e r e n t  r e c e i v e r s ,  t h e  a g r e e m e n t  was a b o u t  .5  -  2 ^ .
The r e s u l t  seemed in d e p e n d a n t  o f  t h e  l e n g t h  and w i d t h  o f  t h e  
r e c e i v e r ,  and  o f  t h e  s l i t s  u s e d .
Kahanpwicz^ s a p p a r a t u s  was e s s e n t i a l l y  a fo rm  o f  m o d i f i e d  
A n g s t ro m  p ÿ r h e l i o m e t e r .
The r e c e i v e r  was p l a c e d  i n  t h e  m id d le  o f  a  s | 3. i t e r i c a l  m i r r o r  
w i t h  an  o p e n i n g  a t  one s i d e  t o  adm it  t h e  r a d i a t i o n .  The c o r r e c ­
t i o n s  f o r  r e f l e c t i o n  a r e  t h u s  e l i m i n a t e d .  The s h u t t e r  i s  p l a c e d  
c l o s e  up  t o  t h e  r e c e i v e r .  I f  i t s  t e m p e r a t u r e  w ere  d i f f e r e n t  f rom  
t h a t  o f  t h e  w a t e r - c o o l e d  s h u t t e r ,  e r r o r s  w ou ld  o c c u r ,  and  so  the 
s h u t t e r  i s  p l a c e d  i n  b e tw e e n  t h e  d ia p h ra m  and t h e  r a d i a t o r ,  t o  
a v o i d  c h a n g e s  i n  t h e  s u r r o u n d i n g s  f a c i n g  t h e  r a d i a t o r  w^hen t h e  
s h u t t e r  i s  c l o s e d ,  o r  r a i s e d .
The t e m L e r a t u r e s  r a n g e d  3&rom 260 -  5 )0  G. The d i s t a n c e  
t o
f rom  t h e  r a d i a t o r ^ t h e  t e c e i v e r  was 55 cms. A s e r i e s  o f  25 m eas ­
u r e m e n t s  g av e  e r a s  5 and 11 o f  them g av e  5 . 7 . L a t e r  d e t e r ­
m i n a t i o n s  w i t h  h i g h e r  t e m p e r a t u r e s  gave  5 - 6 1 .  He made no c o r r e a  
t i o n  f o r  t h e  a b s o r p t i o n  o f  t h e  i n t e r v e n i n g  a i r ,  w h ic h  i s  n o t  
n e g l i g i b l e  f o r  t h e s e  t e m p e r a t u r e s .  I t  a p p e a r s  n e c e s s a r y  t o  make 
a  c o r r e c t i o n  o f  1 . 7  -  2^  f o r  t h i s  s o u r c e  o f  e r r o r ,  an d  à  t o t a l  
c o r r e c t i o n  o f  1 .7  -  2^ ,  w h ich  w i l l  b r i n g  cr t o  t h e  v a l u e  ( 5 . 6 9  -
5 . 7 2 . )
P u c c i a n t i  em ployed  t n e  o p p o s i t e  m ethod  from  t h e  u s u a l  one 
i n  h i s  d e t e r m i n a t i o n  o f  t h e  c o n s t a n t .  The weak p o i n t  i n  h i s  w ork  
i s  t h e  o o m p a f t i v e l y  l a r g e  l o s s e s ,  due t o  c o n v e c t i o n  and  c o n d u c t i m
Puce / A N  T ! ^  r i ( l s r  (SOLOM^IER) APPARATUS
a/(Hrk 6o ) | ' & i  / k .  T ^ p y ^
-fru^ u^  S oy! &,Ktf,
K |  î =  Rtcex'tS'r / t c / c e s c j
gUis-bü/bJ.
 ^î b A«v^  ^ <«.
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The b o l o m e t e r  was c o n s t r u c t e d  i n  t h e  form o f  a  b l a c k - b o d y  w hich  
i s  k e p t  a t  room t e m p e r a t u r e s ,  and th e  o t h e r  b l a c k - b o d y ,  i n s t e a d  
o f  b e i n g  a t  a  h i g h e r  t e m p e r a t u r e  ±ë. a t  a  lo w er  o n e , -  t h a t  o f  
snow, l i q u i d  c a rb o n  d i o x i d e  o r  l i q u i d  a i r .  He m easu red  t h e  power 
n e c e s s a r y  t o  m a i n t a i n  t h e  fo rm e r  b l a c k - b o d y  a t  a  c o n s t a n t  t e m p e r ­
a t u r e ,  t o  com pensa te  i t  f o r  l o s s e s  t o  t h e  se co n d  b l a c k - b o d y .  He 
had  -tv\/o b o lo m e te r  b r a n c h e s  e x a c t l y  a l i k e ,  and one was ex p o sed  t o  
t h e  r a d i a t i o n ,  whole t h e  o t h e r  was p r o t e c t e d  form A t . Each o f  t h e  
b i a c k - b o d i e s  c o n s i s t e d  o f  a  c o p p e r  v e s s e l ,  made i n  t h e  form o f  
a f r u s t u m  o f  a cone ,  u n i c e d  a t  t h e  boutom, as shown, ( B - j  and B g in  
t h e  f i g u r e  ) .  The l e n g t h  o f  B, and B^ was 12 cms and  t h e  maximum 
i n t e r n a l  d i a m e t e r s  were 1  cms. The i n t e r n a l  s u r f a c e  was b la c k e n e d  
w i t h  smoke and t h e  e x t e r n a l  p o l i s h e d ,  and on i t  v/ere wound t h i n ,  
i n s u l a t e d  w i r e s .  One o f  t h e s e  w i r e s  was u s e d  as t h e  b o l o m e t e r  
b r a n c h ,  w h i l e  t h e  o t h e r ,  made o f  m angan in ,  formed t h e  h e a t i n g  
r e s i s t a n c e .  The o t h e r  two b r a n c h e s  o f  t h e  b r i d g e  were fArmed 
o f  r e s i s t a n c e  c o i l s .  The two s e n s i t i v e  b r a n c h e s  o f  t h e  b r i d g e  
were  p l a c e d  i n  t h e  e v a c u a t e d  v e s s e l  C-j which  was k e p t  i n  a  t a n k  
o f w a t e r .  The r e c e i v e r  was a b l a c k e n e d  g l a s s  b u l b , H i , immersed  
i n  l i q u i d  a i r ,  and t h e  b o lo m e te r  was a l lo w e d  t a  r a d i a t e  t o  t h i s .
The c o n s t a n t  K o f  t h e  i n s t r u m e n t ,  ( which  depends  on t h e  d im e n s io n
8
o f  t ire  a p e r t u r e s  e t c :  ) was d e t e r m in e d  from t h e  d i a m e t e r s  and B^  
4 s e e  f i g . ) A c o r r e c t i o n  f o r  t h e  en e rg y  i n t e r c h a n g e  b e tw e e n  t h e s e
tw o ,  i s  n e c e s s a r y .
P u c c i a n t i  assumed t h a t  t h e  s h u t t e r  and t h e  b o l o m e t e r  were  a t  
t h e  t e m p e r a t u r e  o f  t h e  w a te r  b a t h .  The r e s i s t a n c e  o f  t h e  m angan in
h e a t i n g  c o i l  s u r r o u n d i n g  t h e  b l a c k -b o d y  B  ^ was i t s  r e s i s t a n c e
a t  t h e  t e m p e r a t u r e  o f  t h e  w a t e r  b a t h , T .  I n  t h e  c o u r s e  o f  t h e
t e s t ,  P u c c i a n t i  m e asu red  t h e  c o m p e n s a t in g  v o l t a g e , E , when t h e
r e c e i v e r  E-;
b r a n c h  Bg was ex p o sed  t o  t h e  a t  t h e  t e m p e r a t u r e  T^.
fie gave  h i s  f i n a l  v a l u e  f o r  cr as
(T -  5 . 9 6 .
The f a u l t  o f  t h e  a p p a r a t u s  l i e s  i n  t h e  f a c t  t h a t  i t  
s h o u l d  h av e  b e e n  ao n s t ru u fee d  so t h a t  b o t h  b r a n c h e s  c o u l d  h ave  
b e e n  u s e d  a s  r a d i a t o r s .  From t h e  f i g u r e ,  i t  seems t h a t  t h e  '
r a d i a t i o n  from one b r a n c h  f a l l s  on t h e  o t h e r  b r a n c h .  A n o th e r
u n o e r t a i i i t y  id" t h e  t e m p e r a t u r e  o f  t h e  b a t h ,  and a l s o  t h e  method 
o f  o p e r ^ i o n  o f  t h e  s h u t t e r . I t  was s u g g e s t e d  t h a t  P u c c i n i  s h o u l d  
t e s t  w h e t h e r  a  b a l a n c e  was m a i n t a i n e d  when a  h e a t i n g  c u r r e n t  
was p a s s e d  t h r o u g h  b o t h  b r a n c h e s ,  vi/ i thout e i t h e r  b r a n c h  b e i n g  
a l l o w e d  t o  r a d i a t e  t o  t h e  r e c e i v e r  and t h a t  a  h e a t i n g  c o i l  
s h o u l d  be p u t  i n s i d e  t h e  r a d i a t o r  t e m p o r a % y , tio d e t e r m i n e  t h e  
e n e r g y  i n p u t ,  asjcompared v / i th  t h e  e n e rg y  r e q u i r e d  t o  s u s t a i n j t h e  
b a l a n c e .
The d e v i c e  i s  u n s y m m e t r i c a l  i n  t h a t  t h e  h e a t i n g  c o i l  i s  
n o t  p u t  on t h e  p r o p e r  p l a c e  t o  o p e r a t e  mogt e f f i c i e n t l y .
The s o u r c e s  o f  e r r o r  i n d i c a t e d  s h o u l d  g i v e  a  t o o  b i g  a 
v a l u e .  I n d e e d ,  i t  i s  4^ h i g h e r  t h a n  C o b l e n t z ^ s  v a l u e .
A r e c e n t  d e t e r m i n a t i o n  ( i n  1922) o f  t h i s  t y p e  was made by
FIJSBM M . f i i s  a p p a r a t u s  i s  shown i n  t h e  f i g u r e . i
P i s  a  w a t e r - c o o l e d  d iap h ram  t h r o u g h  w h ich  t h e  r a d i a t i o n  p a s s e s
t o  t h e  r e c e i v e r  R, t h e  t e m p e r a t u r e  f f  w h ic h  c a n  be d e t e r m i n e d
by t h e  r a d i o m i c r o m e t e r ,  M. fie u s e d  f o u r  b l a c k - b o d i e s , a s  r a d i a t ­
o r s ,  (S.K.1 , 2 , 5 , 4 ,  i n  t h e  f i g u r e . )  The s m a l l e s t  one  was made o f
mc o p p e r  and c o u l d  be u se d  up t o  t e m p e r a t u r e s  o f  5 0 0 ^ 0 , w h i l e  t h e  
o t h e r  t h r e e  were  o f  t h e  u s u a l  LummerÆurlbaum t y p e ,  h e a t e d  i n  t h e  
u s u a l  way by p a s s i n g  a  c u r r e n t  t h r o u g h  p la t im u m  w i n d i n g s .  B e tw een  
t h e  r a d i a t o r  and t h e  d iaph ram  was a  w a t e r - c o o l e d  t r o u g h ,  T m a i n t ­
a i n e d  a t  room t e m p e r a t u r e ,  t h e  mouth o f  w h ich  co u ld  be c l o s e d  with 
a l i d  K-. Ehen t h i s  l i d  i s  c l o s e d ,  Kussmann s a y s ,  " i t  i s  e q u i v a l ­
e n t  t o  a  s m a l l  b l a c k - b o d y  a t  room t e m p e r a t u r e ,  and t h u s  i f  t h e  
r e c e i v e r  i s  a l s o  a t  room t e m p e r a t u r e ,  r a d i a t i o n  from t h e  l i d  w i l l  
n o t  a f f e c t  t h e  r e c e i v e r .  The t e m p e r a t u r e s  o f  t h e  r a d i a t o r s  could, 
be m easu red  w i t h  a t h e r m o e l e m e n t , t h ,  and  t h e i r  t e m p e r a t u r e s  cou ld  
b e ^ e p t  c o n s t a n t  o v e r  a l o n g  p e r i o d  o f  t i m e .  Round t h e  l i d  w ere  
p l a c e d  a  row o f  s h e e t  p r o j k t t e r s " , n o t  shown i n  t h e  d i a g r a m ,  t o  
p r o t e c t  i t  f rom  t h e  r a d i a t i o n ,  f rom t h e  s u r r o u n d i n g s .  The d i s t a n c e  
b e tw e e n  t h e  r a d i a t o r  and t h e  d ia p h ra m  was 54 cm s.
The r e c e i v e r  was made o f  m angan in  o r  C o n s t a n t i n ,  and p l a c e d  i n  
a  v u l c a n i t e  s u p p o r t  o f  d im en ls io n s , ( 10 .6  x  5 . 8  x  . 5 ) The a c t u a l  
r e c e i v e r s  were  b l a c | : e n e d  i n  v a r i o u s  w ays .  T h is  t a b l e  shows t h e  
k i n d s  o f  r e c e i v e r s  em ployed .
R e c e i v e r  K ind  o f  M e ta l  L en g th  B r e a d t h  T h i c k n e s s  Method o f  b l a c k i n g
1 C o n sta n tin  4 .0 2 5 0 cm 2 ,9428cm 6 u  " B e r u s s u n g  ”
2 ” 4U027 ft 2 . 9 6 0 2  " u  ” C r o v a r u s s  "
5  manganin 2.7559  & 5 . 0 6 9 0  5 "
4 C o n sta n tin  # 0 3 6 9  ft 2 .8867  ”
c II 2 .9 8 0 4  a 2 . 915 6  ” 7 ”
7 m angan in  4 .0  555 ft 5*0058  ” 10 "
The s t r i p s  had  v e r y  s m a l l  t e m p e r a t u r e  c o e f f i c i e n t s ,  and 
t h e i r  ed g e s  were a c c u r a t e l y  d e f i n e d  and c u t  t o  s u i t a b l e  s h a p e s ,  
b e i n g  made e x a c t l y  p a r a l l e l  t o  one a n o t h e r .
Kussmann h r a t e d  t h e  s t r i p s  by a l l o w i n g  r a d i a t i o n  t o  f a l l  on
/H.
M
them from th e  b la ck -h o h y  and cencentra ted  th e  r a d i a t i o n  e m i t te d  
from t h e  s c r i p s  onto th e  r a d i o m e t e r ,  hy means o f  t h e  le n s ,L #
V/hen s t e a d y  c o n d i t i o n s  were e s t a b l i s h e d ,  he n o te d  th e  d e f l e c t ­
io n  tfff t h e  r a d i o m e t e r ,  and t h e n  c l o s e d  t h e  s h u t t e r  K. He heated, 
t h e  r e c e i v i n g  s t r i p  i n  t h e  same way as h i s  p r e d e c e s s o r s  had 
done and so o b ta in e d  a com parison  between  th e  e l e c t r i c a l  h e a t ­
i n g ,  and t h a t  by t h e  r a d i a t i o n .  The r e s t  o f  h i s  d e t e r m i n a t i o n  
i s  v e ry  s i m i l a r  t o  t h a t  o f  Goblen tg  and he made s i m i l a r  c o r r e c t !  
io h s  f o r  l a c k  o’f  b la c k n e s s  e t c :  • The f i n a l  v a l u e  he gave f o r  cr 
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( i i )  THERI/iOMETRIC METHODS, DSIDG » BLACK. » RECEIVERS.
F e i x  e v o lv e d  a  method t o  e l i m i n a t e  t h e  (Question o f  r e f l e c t i o n  
a t t t h e  s u r f a c e  o f  the  r e c e i v e r .  H is  r e c e i v i n g  t h e r m o j u n c t i o n  
was formed from a lo n g  c o n i c a l - s h a p e d  m e t a l  r e c e i v e r ,  b l a c k e n e d  
on t h e  i n s i d e .  O u t s id e  was wound an i n s u l a t e d  h e a t i n g  c o i l ,  o f  
known r e s i s t a n c e ,  t o  c a l i b r a t e  t h e  r e c e i v e r .  T h is  was done ,  by 
n o t i n g  t h e  t e m p e r a t u r e , ( o r  g a l v a n o m e te r  d e f l e c t i o n ^ s ) w i t h  
e n e rg y  i n p u t  i n t o  t h e  h e a t i n g  cp m l . The r e c e i v e r  i d  t h e n  exposed  
t o  t h e  r a d i a t i o n ,  a t  t e m p e r a t u r e s  v a r y i n g  from 3 OO -  1200^C 
and t h e  g a l v a n o r ^ e r  d e f l e c t i o n s  n o t e d .  H is  method was, h ow eve r ,  
n o t  a c c u r a t e ,  and he o b t a i n e d  a  l a r g e  v a l u e  f o r  cr, namelÿ  
CT jz 6 . 3 0
The work was c a r r i e d  on by EEB¥ and DRECO. T h e i r  a p p a r a t u s  i s
sh o w / i / in  f i g u r e  ( 7 ) .  They u s e d  two r e c e i v e r s  o f  b r a s s  cones
b r a s s
o f  a p e r t u r e s  o f  3 0 ° ,  p l a c e d  v / i t h i n  a s p h e r e  o f  su rm o u n ted
by a g l a s s  t u b e  o f  c a j i l l a r y  b o r e ,  v/hich would i n d i c a t e  a t e m p e r ­
a t u r e  change as s m a l l  as .003^•  S u r r o u n d in g  t h e  o u t s i d e  was a  c 
c o i l  o f  w i r e ,  t h r o u g h  which  an  e l e c t r i c  c u r r e n t  p a s s e s ,  and t h e  
e n e rg y  i n p u t  w hich  ca u se d  t h e  same r i s e  i n  t e m p e r a t u r e  a s  t h a t
i n d i c a t e d  when t h e  r e c e i v e r  was ex posed  t o  t h e  r a d i a t i o n , n o t e d .
The mean v a l u e  f o r  o' was o' 6 .31*
The i n d i v i d u a l  d e t e r m i n a t i o n s  a r e  c o n s i s t e n t  w i t h  one a n o t h e r
b u t  n o t  w i t h  t h e  r e s u l f e i  o b t a i n e d  by t h e  p r e v i o u s  i n v e s t i g a t o r s .  
T h is  seems t o  i n d i c a t e  t h a t  t h e r e  i s  a s y s t e m a t i c  e r r o r  r u n n i n g  
t h r o u g h o u t  t h e  d e t e r m i n a t i o n s . V a r io u s  s u g g e s t i o n s  have  b e e n  raac  ^
t o  a c c o u n t  f o r  t h i s , o n e  b e i n g  t h e  u n s y m m e t r i c a l  o p e r a t i o n  o f  
t h e  r e c e i v e r .  I t  i s  c a l i b r a t e d  w i th  t h e  h e a t i n g  c o i l  i n  a s s o c i a
Ue
X :- IV




t i o n  w i t h  t h e  y th e rm o m ete r  and t h i s  c a n  he warmed by c o n d u c t i o n  
as  w e l l  as  by r a d i a t i o n  o f  e n e rg y .  On t h e  o t h e r  h an d ,  t h e  
in co m in g  r a d i a t i o n  must be t r a n s f o r m e d  by a b s o r p t i o n  i n  t h e . c o n ^ f ,  
and r e a c h e d  th e  a l c o h o l  i n  t h e  th e rm o m e te r  p r i n c i p a l l y  by 
c o n d u c t i o n .  I t  was a l s o  s u g g e s t e d  t h a t  t h e  h e a t i n g  c o i l  s h o u l d  
be p l a c e d  w i t h i n  t h e  r e c e i v e r ,  and c o n s t r u c t e d  so  t h a t  v e r y  
l i t t l e  o r  none o f  t h e  r a d i a t i o n  e n t e r i n g  t h e  cone o r  t h e  e n e rg y  
r a d i a t e d  from ÿhe h e a t i n g  c o i l  a:an e s c a p e  t h r o u g h  t h e  o p e n in g  
i n  t h e  r e c e i v e r .  T h is  c o u ld  have  b ee n  done by p u t t i n g  t h e  
h e a t i n g  c o i l  i n s i d e , and u s i n g  a d o u b le  cone as  P u c c i a n t i  d i d .
L a t e r  t h e y  made f u r t h e r  d e t e r m i n a t i o n s ,  u s i n g  t h e  r a d i a t i o n  
from  an  e l e c t r i c  f u r n a c e ,  and a l l o w i n g  i t  t o  f a l l  on a p la t im u m  
s t r i p .  The r a d i a t i o n  m easurem ents  were made by " s i g h t i n g "  on 
t h e  f r o n t  and r e a r  s u r f a c e s  w i t h  a F e ry  p y r o m e te r  a t  an  a n g l e  
o f  i n c i d e n c e  o f  3 0 ° .
The mean v a l u e  o b t a i n e d  f o r  cr was 0 — 6 . 2  
M easurem en ts  on t h e  p o s t e r i o r  s u r f a c e  gave o as  3 -5 7  w h ich  
i s  s a i d  t o  c o r r e s p o n d  t o  t h e  a n t e r i o r  s u r f a c e  i f  t h i s  i s  p l a n e .  
C o r r e c t i n g  t h i s  v a l u e  by g i v e s  cr 3 - 6 8 ,  b u t  t h e  e x p e r i m e n t e r s  
t h e m s e l v e s  o n ly  a l lo v ^ ed .82  -  .84^6 f o r  l o s s e s  by r e f l e c t i o n ,  
w h ich  seems v e r y  low c o n s i d e r i n g  t h e  v a l u e s  o b t a i n e d  l a t e r  by 
C o b l e n t z .  A t t e n t i o n  was c a l l e d  t o  t h e  p o i n t  by B a u e r ,  who 
e s t i m a t e d  t h a t  t h e i r  v a l u e  must l i e  b e tw een  3 . 1  & 3 . 8 .
The v a l u e  g i v e n  by F ery  and Drecq  t h e m s e l v e s  was
^  iL 6 . 2
w h ic h ,  v/hen c o r r e c t e d  by f o r  r e f l e c t i o n ,  g i v e s  
-  3 .6 8 .
m.
B a u e r  and M oul in  u s e d  a s i m i l a r  method t b  t h a t  o f  F e ry  and Drecg. 
h u t  t o  overcome t h e  d i f f i c u l t y  o f  c a l i b r a t i o n ,  t h e y  s i g h t e d  
th e m r  r e c e i v e r  on a p la t im um  s t r i p ,  h e a t e d  t o  d i f f e r e n t  t e m p e r -  
atxtnes by e l e c t r i c  c u r r e n t s .  To d e t e r m i n e  t h e  r a d i a t i o n  f a l l i n g  
on t h e  r e c e i v e r ,  i t  was n e c e s s a r y  t o  e l i m i n a t e  t h e  e r r o r s  
c a u sed  by t h e  c o n d u c t i o n  and c o n v e c t i o n  l o s s e s  f rom t h ^ / s t r i p ,  
and so t h e ÿ  hvaded  i t  i n  v a c u o ,  p a v i n g  c a l i b r a t e d  t h e  i n s t r u m e n t  
t h e ÿ  s i g h t e d  onja b l a c k  body, h e a t e d  t o  d i f f e r e n t  t e m p e r - t u r e s  
and n o t e d  t h e  g a l v a n i m e t e r  d e f l e c t i o n s .  F i r s t l y ,  t h e y  g o t
cT -  6 . 0
b1jL$ t h e ^  c o r r e c t e d  t h i s  t o
T h is  c o r r e c t i o n  o f  12^ seems t o  be r a t h e r  l a r g e .  They made 
no c o r r e c t i o n  f o r  a tm o s p h e r i c  a b s o r p t i o n ,  w hich  v/ould i n c r e a s e  
t h e i r  v a l u e  t o
O' ^  3 *6 -  3 • 7 •
P u c c i a n t i  c o n t i n u e d  h i s  s t u d i e s  o f  t h e  r a d i a t i o n  c o n s t a n t
and gave t h e  f o l l o w i n g  method g o r  t h e  d e t e r m i n a t i o n  o f  6
wherby t h e  t e m p e r a t u r e  changes  a r e  m easured  by a  t o l u e n e
th e rm o m e te r  b u l b ,  made i n  t h e  form o f  a  h o l lo w  cone t h a t  i s  a l l o -
/wed
t o  r a d i a t e  t o  a b la c k -b o d y  r e c e i v e r  a t  t h e  t e m p e r ^ a t u r e  o f  liq^ubd
t h e  th e rm o m e te r
a i r .  The h e a t  t o  com pensate  t h e  l o s s  o f  e n e rg y  by^z'0 f  1 jg01 ^ 0h /w as  
m e asu re d  by t h e  a p p l i c a t i o n  o f  an e l e c t r i c  c u r r e n t . The a p p a r a t ­
u s  i s  n o t  d i f f e r e n t i a l ,  and so t h e  b a t h  must be k e p t  a t  e x a c t l y  
t h e  same t e m p e r a t u r e .  The r e s p o n s e  t b  t h e  r a d i a t i o n  was s l u g g i s h
The c r i t i c i s m s  t h a t  were e a r l i e r  a p p l i e d  t o  t h e  F e ry  and D recq  
e x p e r i f t a b t  may be a p p l i e d  h e r e  a l s e .  I n  t h i s  c a s e ,  how ever ,  t h e
c o m p e n s a t in g  h e a t i n g  i s  a p p l i e d  by h e a t i n g  a  c o i l  which  i s  
i n  c o n è à c t  w i t h  l iq .u id  a i r  on t h e  v /a l l  o p p o s i t e  t b  t h a t  on 
w h ich  t h e  incom ing  r a d i a t i o n  i m p i n g e s . I n  t h i s  t h e  r e c e i v e r  
i s  u n s ÿ m m e t r i c a l  and more s y m m e t r i a a l  h e a t  i n t e r c h a n g e s  c o u l d  
have  b e e n  o b t a i n e d  by h a v in g  t h e  c o i l  w i t h i n  t h e  r e c e i v e r ,  i f  
c a r e  i s  t a k e n  t h a t  none o f  t h e  h e a t  e s c a p e s  t h r o u g h  t h e  open ­
i n g .  The way t h a t  t h e  a p p a r a t u s  i s  u s e d  p r o v i d e s  ample 
o p p o r t u n i t y  f o r  l o s s  o f  e n e r g y , so t h a t  i n  t h e  c o m p e n s a t in g ,  
t h e  t e n d a n c y  would be t o  g iv e  to o  h i g h  a  v a l u e  f o r  <T
P u c c i a n t i  h i m s e l f  c o n s i d e r e d  t h a t  t h e  p r e c i s i o n  o f  t h e  
i n s t r u m e n t  was as h ig h  as  t h a t  o f  t h e  b o l o m e t e r .  H is  v a l u e s  
r a h g e  form t.OO -  6 .3» and t h e  a v e ra g e  O' i s
(f 6 . 1 3 .
A l l  t h e  v a l u e s  o b t a i n e d  by t h i s  method seem t o  be 
h i g h è r  t h a m , t h o s e  o b t a in e d  b^ t h e  b o l o m e t e r  m ethod ,  a l l  b e i n g  
i n  t h e  r e g i o n  o f  tt.O w hereas  t h e  b o l o m e te r  way gave a b o u t  3 . 7 . 
and t h e r e f o r e ,  i n  1 9 1 3 , KEEBE u n d e r t o o k  a  m easurem ent  o f  t h i s  
k i n d ,  w i t h  an improved form o f  a p p a r a t u s .  ■
H is  s u u r c e  6 f  r a d i a t i o n  was an e l e c t r i c  f u r n a c e  w h ich  c o u l d  
be u s e d  up t o  t e m p e r a t u r e s  o f  1000° .  F o r  r e c e i v e r ,  he  u se d  a 
h o l lo w  s p h e r i c a l ,  d o u b l e - w a l l e d  th e rm o m e te r  b u l b ,  p r o v i d e d  w i t h  
a  s m a l l  a p e r t u r e  t o  adm it  t h e  r a d i a t i o n ,  ( s e e  f i g u r e  ( 9 ) . )
The thbcm om eter  was f i l l e d  w i t h  a n & l in e .  V a r i a t i o n s  i n  t h e  room 
t e m p e r a t u r e  were e l i m i n a t e d  by u s i n g  two t èuarmometerè d i f f e r ­
e n t i a l l y .  The r a d i a n t  energy  i d  a d m i t t e d  ÿo one o f  t h e m ,a n d  
t h e  d i f f e r e n c e  i n  t h e  l e v e l s  i n d i c a t e s  t h e  en e rg y  i n p u t
K c e / v e ' s  a p p a r a t u s
<3<l. i".
I n  t h i s  a p p a r a t u s ,  t h e  c a l i b r a t i o n  * a s  done by h a v i n g  t h e
h e a t i n g  c o i l  vv i th in  t h e  th e rm o m e te r  b u l b .  The b o re  o f  t h e
r i s e
a a ÿ iü i j a ry  t u b e  was such  t h a t  a r è s e  o f  imm d i v i s i o n ,  i n d i c a t e d
a t e m p e r a t u r e  d i f f e r e n c e  o f  .OOC^^C.
Keene fo u n d  t h a t  he had  t o  make a c o r r e c t i o n  f o r  t h e  e n e rg y
i n t e r c h a n g e  b e tw een  t h e  two r a d i a t i n g  c o a x i a l  c i r c u l a r  o p e n i n g s ,
f o r  w hich  he found  t h e  ap p ro x im a te  f o r m u l a  w h ich  i s  (b rdm nari ly
u s e d  f o r  c o r r e c t i o n s ,  was n o t  a c c u r a t e  enough .
S o u r c e s  o f  e r r o r  i n  Keend s m easu rem en t .  As t h e  r a d i a t o r  and
r e c e i v e r  a r e  f a i r l y  c l o s e  t o g e t h e r ,  and t h e  t im e  f o r  a t t a i n i n g
eg_u i l ib r iu m  r a t h e r  lo n g ,  t h e r e  i s  a p o s s i b i l i t y  o f  d i f f u s i o n  o f
h o t  g a s e s  i n t o  t h e  r e c e i v e r ,  when th e  s h u t t e r  i s  r a i s e d  t o  ad m i t
»
t h e  r a d i a t i o n .  I t  was s u g g e s t e d  t h a t  a d e t e r m i n a t i o n  s h o u l d  
h av e  b ee n  made w i t h  t h e  o o p en in g  c l o s e d  t o  p r e v e n t  t h e  p o s s i b l e  
e s c a p e  o f  h o t  g a s e s  w h i l e  c a l i b r a t i n g  t h e  d e v i c e ,  and t o  s e e  i f  
i h  t h i s  c a s e ,  i t  would have r e q ,u i r e d  l e s s  power I n  t h e  h e a t i n g  
d e v i c e .
The v a l u e  o b t a i h è d  f o r  cr was
5 . 8 9
w hich  a g r e e s  f a i r l y  w e l l  w i th  t h a t  o b t a i n e d  by G e r l a c h ,  b o lo m e t -  
r i c a i l y , o f  J .8
I ,
ffo
( i i i )  lEDIRECT and 3ÜB3T1TUT10E kETEODÜ.
V/e come, now t h  t h e  t h i r d  g ro u p  o f  methods  f o r  Æetermiju '^V
t h e  r a d i a t i o n  c o n s u a n t ,  by e x p e r i m e n t s  w h e r e i n ,  i n s t e a d ,  o f  d i r ­
e c t l y  a t t e m p t i n g  t o  m easure  t h e  h e a t  r a d i a t e d  from one b l a c k - b o d y
t o  a n o t h e r ,  t h e  h e a t  i s  compared w i t h  e m i â s i v i t i e s  u n d e r  d i f f e r ­
e n t
c o n d i t i o n s  and  t h e  em âss io n  f o r  a  b l a c k - b o d y  e s t i m a t e d .
The e a r l i e s t  e x p e r i m e n t e r  i n  t h i s  g ro u p  was SHAXEgPERE i n
1 9 1 2 . H is  v a l u e  f o r  (7 was o b t a i n e d  on t h e  p r i n c i p l e  t h a t  a  bèdy
l o s e s  h e a t ,  when su sp e n d e d  i n  t h e  a i r ,  by t h r e e  m e th o d s ,  nam ely
c o n d u c t i o n ,  c o n v e c t i o n  and r a d i a t i o n .  I f  t h e  l o s s e s  o b s e r v e d
o f
i n  tv/o i n s t a n c e s ,  t h e  o n ly  d i f fe re n c e  b e i n g  t h a t ^ t & e  e m i s s i v i t i e s  
o f  t h e  two s u r f a c e s ,  t h e n ,  as t h e  l o s s e s  by c o n d u c t i o n  and co n ­
v e c t i o n  a r e  t o  r e m a in  t h e  same, t h e  r a t i o  o f  t h e  l o s s e s  w i l l  be 
as  t h e  r a t i o  o f  t h e  e m i s s i v i t i e s  . I f  t h e r e f o r e ,  t h e s e  two s u r ­
f a c e s  be ex p o sed  i n  t u r n ,  a t  t h e  t e m p e r a t u r e  o f  b o i l i n g  v\rater, 
t o  t h e  f a c e  o f  a r a d i o m i c r o m e t e r ,  a t  room t e m p e r a t u r e ,  we s h a l l  
g e t  t h e  e m i s s i v i t i e s  o f  t h e  two s u r f a c e s !
S h a k e s p e r e  had a p l a t e  o f  m e i i t  w i t h  a  s i l v e r e d  s u r f a c e  
h e a t e d  e l e c t r i c a l l y  t o  a t e m p e r a t u r e  o f  lOO^C and c l o s e  t o  i t  
a n o t h e r  p l a t e ,  b l a c k e n e d  w i t h  s o o t ,  k e ÿ t  c o o l  w i t h  w a t e r .  B e t w e ^  
t h e  two p l a t e s  was a i r  a t  a tm o s p h e r i c  p r e s s u r e . The e n e rg y  in p u t  
r e q u i r e d  t o  k eep  th e  p l a t e  a t  1G0°, was m easu red  w i t h  a  r a d i o ­
m e t e r .  He t h e n  compared t h e  e m i s s i v i t y  o f  t h e  s o o t - b l a c k e n e d  
l a y e r  w i t h  t h a t  o f  a  b l a c k t b o d y  a t  100^ and was t h u s  a b l e  t o  
c a l c u l a t e  a  v a l u e  f o r  <5, w h ich  he gave as
d .5 •  ^7 •
/tf t
i n  T o d d  ^s e x p e r i m e n t s  on t h e  t h e r m a l  c o n d u c t i v i t y  o f  g a s e s ,  he
was a b l e ,  a s  a  s u b s i d i a r y  e x p e r i m e n t ,  a b l e  t o  make a  d e t e r m i n ­
a t i o n  o f  t h e  r a d i a t i o n  c o n s t a n t .  He e n c l o s e d  a  t h i n  l a y e r  of/feiir 
b e t w e e n  two h o r i z o n t a l  p l a t e s ,  m a i n t a i n e d  a t  d i f f e r e n t  t e m p e r a ­
t u r e s .  The c o l d e r  p l a t e  r e c e i v e s  h e a t  by r a d i a t i o n ,  and by c o n ­
d u c t i o n  t h r u u g h  t h e  a i r  from t h e  h o t t e r  p l a t e ,  w h ic h  i s  p l a c e d  
above  i t .  The p l a t e s  a r e  c u t  o f f  i n  comiüUnicati o n  f rom t h e  s u r ­
r o u n d i n g  a i r  and  c o n v e t t i o r ^ u r r e n t s  w ere  e l i m i n a t e d  by  h a v i n g  
t h e  l^wo p l a t e s  c l o s e  t o g e t h e r .  He d e t e r m i n e d  t h e  e n e r g y  l o s t ,  
w i t h  d i f f e r e n t  d i s t a n c . e s  b e tw e e n  t h e  p l a t e s ,  x ,  n o t i n g  - t h e  d i f ­
f e r e n t  q u a n t i t i e s  o f  he a t , Q, p a s s i n g  f rom  t h e  u p p e r  t o  t h e  l o w e r  
p l a t e .  The v a l u e s  o f  x  and Q were g r a p h e d  and t h e  h o r i z o n t a l  
a s y m p to t e  t o  t h e  r e c t a n g u l a r ^ d r a v / n ,  t o  g i v e  t h e  v a l u e  R o f  t h e  
r a d à a t i o n .  The e n e rg y  i n p u t  was d e t e r m i n e d ,  and by c o m p a r in g  
t h e  e m i s s i v i t y  o f  t h e  p l a t e  v / i t h  t h a t  o f  a  b l a c k - b o d y  a t  t h e  
same t e m p e r a t u r e ,  t h e  v a l u e  f o r  cr c o u l d  be fo u n d .
The s o u r c e s  o f  e r r o r  i n  t h i s  d e t e r m i n a t i o n  a r e  c h i e f l y  i n  
t h e  b a d  c o n d u c t i v i t y  o f  t h e  l a y e r  o f  s o o t .
Todd gave  as h i s  v a l u e  o f  cr,
cr 5 . 4 8 .
O b s e r v a t i o n s  o f  W e s t p h a l l .
W e s ip h a l l0  compeared t h e  e m i s s i v i t y  o f  a  b l a c k - b o d y  
w i t h  t h a t  o f  a  c y l i n d r i c a l  c o p p e r  b l o c k ,  when t h e  l a t t e r  was 
f i r s t l y  p o l i s h e d  and s e c o n d l y ,  b l a c k e n e d  on t h e  s u r f a c e .
^The f igure^^shaw s t h e  a r r a n g e m e n t  o f  t h e  a p p a r a t u s .  The b l a c k  
body i s  c o n t a i n e d  w i t h i n  t h e  c y l i n d e r  and t h e  c y l i n d e r  c o u l d  be
e l e c t r i c a l ^ / h e a t e a . To r e d u c e  en e rg y  l o s s e s ,  t h e  who" e war
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su sp en ded  i n  a g l a s s  v e s s e l  v/hich co u ld  be  e x h a u s te d .  The c y l i n ­
der  was f i r s t  h i g h l y  p o l i s h e d  to  g i v e  a low e m m l s i v i t y , Ei and 
t h e n  b la c k e n e d  to  g i v e  h ig h  e m i s s i v i t y  E g , th e  end s u r f a c e s  
re m a in in g  undhanged. The l o s s e s  by c o n d u c t io n  and c o n v e c t i o n  a r e  
t h e r e f o r e  th e  same throughout  the  experim ent a #  t h e  d i f f e r e n c e  
o f  energy  ip p u t  was t h e r e f o r e  th e  l o s s  by e m i s s i o n .
I f  th e  t e m p e r a t u r e , ! ,  o f  the  g l a s s  f l a s k  i s  kep t  c o n s t a n t  
throughout  th e  e x p er im en t ,  and th e  b lack en ed  c y l i n d e r  h e a te d  
e l e c t r i c a l l y  t o  T ' , t h e n  the  energy ip pu t  req.uired t o  m a in ta in
t h e  copper at  c o n s t a n t  t e m p e r a tu r e ,T ' ,  i s
-  O.d.E^ ( I''*'- t"‘') f  f ( T , T ’ )
where 0 i s  th e  a rea  o f  th e  s u r f a c e  o f  t h e  c y l i n d e r ,  and f (T ,T ^ )
i s  unknown, b e in g  th e  l a s s  by c o n d u c t io n  and c o n v e c t i o n ,  W i s  
in
th e  energy  ïü p u t
S i m i l a r i l y , when t h e  c y l i n d e r  i s  p o l i s h e d ,
4 4
-  0 ,(5,E| ( T: ^ 5 ) t  f(T,T^ )
and t h e r e f o r e  O' -
0(Ei  -Eg ) . (  T'^ -  T^)
The v a lu e  g i v e n  by W estp ha l l  f o r  <J, over  a range o f  tem p eratu re  
350 ° -  4 2 5 ? was cr _- 5 . 5 4
L a te r  he extended  h i s  work t o  h ig h e r  tem p era tu res  and gave
-  5 . 5 7 .
A f t e r  s t i l l  f u r t h e r  d t ferm in a t io n s , he g o t
cr -  5 . 7
G e rla ch  c r i t i c i s e d  th e  work on t h e  grounds t h a t  the  l a j e r  o f  soot  
t a d  not  the  oa«a tem perature  an t h e  . e t a l  e u r f a o ,  on . h l o h  i t  . a s
Ml.
d e p o s i t e d ,  which would g iv e  t o o  low a v a lu e  f o r  th e  r a d i a t i o n  
c o n s ta n t#  A l l  t h r e e  a ttem pts  by t h i s  ” i n d i r e c t ” method have  
g i v e n  v a l u e s  which are very  much low er  than  t h o s e  by t h e  
therm om etr ic  methods,  and a more r e c e n t  a t tem pt  by t h i s  method 
o f  W e s t p h a l l ,  was made i n  1 9 2 3 , by Hoffmann. The arrangement  
o f  h i s  apparatus  was e s s e n t i a l l y  th e  same as t h a t  o f  Vi/estphall  
( s e e  f i g u r e  f o r  Wesÿphall^s ap paratu s)
Hoffmann u sed  a m ass ive  copper b l o c k ,  c y l i n d r i c a l  i n  
shape and w i t h  a s p i r a l  grove running round i t ,  i n  which  he 
wound t h e  h e a t i n g  c o i l .  This  was e l e d t r i c à l l y  i n s u l a t e d  from 
t h e  cp p p erb la ck  i t s e l f ,  and i t ’s r e s i s t a n c e  was o f  th e  ord er  o f  
11 ohms.Over the  c y l i n d r i c a l  b lo c k  was p la c e d  an a c c u r a t e l y  
f i t t i n g  copper tu b e ,  f i x e d  at t h e  co r n e r  by a m eta l  s c re w .
A f i n e  l o n g t i t u d i n a l  h o le  bored i n t o  t h i s  t u b e ,  a d m it te d  th e  
th erm o e lem en ts  in t o  th e  tu b e .  These were made o f  m anganin-con­
s t a n t  i n ,  and arranged in  t h i s  way, were very  n ea r  t o  th e  s u r f a c e  
o f  t h e  m ante l  t u b e .  The whole r a d i a t i n g  body was hung i n s i d e  a 
- g l a s s  f l a s k ,  th e  w a l l s  i £  w^hich were b la ck en ed  i n s i d e  w i t h  a 
s p e c i a l  p r e p a r a t i o n  lam p-b lack .  Care was ta k e n  t o  hang i t  i n  
t h e  c e n t r e  o f  th e  f l a s k ,  so t h a t  i t  co u ld  always be r e p la c e d  i n  
t h e  same p o s i t i o n ,  and so  t h a t  th e  same e x t e r n a l  c o n d i t i o n s  
would h o ld  f o r  when th e  o u t s i d e  was p o l i s h e d  as f o r  when i t  was 
b la c k e n e d .  The f l a s k  was evacuated  t o  what was found by t r i a l ,  
t o  be th e  optimum p r e s s u r e , -  . 1mm o f  mercury.
Hoffmann to o k  s p e c i a l  p r e c a u t io n s  t o  e l i m i n a t e  th e  e r r o r  
w hich  might a r i s e  from th e  d i f f e r e n c e  i n  th e  tem p e ra tu r e  betw een
th e  m e ta l  and the  r a d i a t i n g  s u r f a c e .  He p o i n t é d  out t h a t  a 
d i f f e r e n c e  o f  1 ° would a f f e d t  th e  r e s u l t  by as much as 1 ^ 
and on making measurements on t h e s e  tem p e ra tu re  d i f f e r e n c e s ,  
he found t h a t  th ey  might be as much as . 4#»# He put t h e  f l a s k  
i n  i c e ,  and th e  energy measurements were c a r r i e d  out e x a c t l y  
s i m i l a r i l y  t o  W estphal l*s  measurements ,  by e s t i m a t i n g  
th e  energy  input  in t o  the  h e a t i n g  w ir e ,  and m easu r in g  t h e  
t em p e ra tu re  w ith  the  therm oelem ents .  The f o l l o w i n g  i s  a l i s t
o f  h i s r e s u l t s  f o r the  v a r io u s tem p era tu r es o f  t h e  rad i a t o r .
temp?G O' temp.°C cr temp.°G O'
9 0 .0 5 . 7 8 140 .95 5 . 7 2 166 . 5 5 . 7 99 Î5.4 5 . 7 5 150.0 5 . 8 0 181 .5 5 . 8 0
1 0 0 . 4 5 . 7 4 150.85 5 . 7 8 191 .7 5 . 7 8
1 0 6 . 8 5 . 7 4 154.6 5 . 7 2 200 .5 5 . 7 4
1 19 . 0 5 . 7 8 164.25 5 . 7 9 20 6 . 2 5 . 74'
1^2. 9 ^ . 7 5 170 .1 5 . 7 5 21 6 .6 5 . 7 8
1 1 5 . 4 5 . 7 8 174. 7 5 . 8 0 2 1 7 . 5 5 .78
137 . 6 5 5 . 7 6 18) . 7 5 . 8 0 1 9 5 . 7 5 . 7 8
He made th e  f o l l o w i n g  c o r r e c t i o n s .
F i r s t l y ,  s i n c e  t h e r e  i s  a l a y e r  o f  s o o t  o f  about 60]i,  t h i s  w i l l  
r a d i a t e  s id e w a y s .  T h is ,  he e s t im a t e s  w i l l  a f f e c t  t h e  r e s u l t  by
4 . 2 fo
S e c o n d ly ,  f o r  thejtemperature d i f f e r e n c e  betw een  th e  m eta l  and 
s u r f a c e ,  he a l low ed  .02^ ,  and between th e  o u t s i d e  o f  t h e  g l a s s  
f l a s k  and th e  i n s i d e ,  . 0^9^ .
A f u r t h e r  c o r r e c t i o n  o f  was a l low ed  f o r  the  i n s i d e  o f  t h e  
f l a s k  not  b e in g  aj^  p e r f e c t  a b so rb er .
A l t o g e t h e r ,  he a l low ed  a c o r r e c t i o n  o f  4 .0^^, g i v i n g  6 t h e  
v a l u e  ^ . 7 6 4 .
The accuracy  o f  h i s  d e te r m in a t io n ,  he sa y s  i s  -  f o r  he
I(f>-
m a i n t a i n s  t h a t  t h e  maximum e r r o r  i n  e a c h  o f  t h e  e n e rg y  d e t e r m i n ­
a t i o n s  i s  .2fo; t h e  t e m p e r a t u r e  i s  a t  t h e  most  i n  e r r o r  by ,2fo, 
a f f e c t i n g  t h e  r e s u l t  by t h e  e r r o r s  i n  t h e  w a t t m e t e r s  i s
a l s o  n o t  more t n a n  .2 ^ ;  h e n c e ,  he c a l c u l a t e s  t h e  maximum e r r o r  
a t  . 9^ .  He w r i t e s  h i s  f à n à l  v a l u e  as
( 5 . 7 6 4 1 .0 5 2 . )
Twx5 v e r y  r e c e n t  d e t e r m i n a t i o n s  have b e e n  made by HQ ARE]? u s i n g  
a  CALLEHPAR RADIO BALAEfCE. I n  t h i s  a p p a r a t u s ,  t h e  h e a t i n g  e f f e c t  
c a u s e d  by t h e  p a s s i n g  of  an e l e c t r i c  c u r r e n t  t h r o u g h  t h e  j u n c t i o n  
o f  two d i s s i m i l a r  m e t a l s ,  and t h e  c o r r e s p o n d i n g  c o o l i n g * e f f e c t  
and t h e  o t h e r  j u n c t i o n ,  i s  b a l a n c e d  by t h e  h e a t i n g  e f f e c t  o f  
t h e  r a d i a t i o n  which  i s  a l lo w e d  t o  f a l l  on t h e  c o o l e d  j u i ^ i o n ,  
and  t o  h e a t  i t  t o  t h e  same t e m p e r a t u r e  as t h e  o t h e r  j u n c t i o n .  
E q ,u a l i t y  i n  t h e  t e m p e r a t u r e  o f  t h e  two J u n c t i o n s  i d  i n d i c a t e d  
by no curn ieh t  i n  a g a l v a n o m e te r  w h ich  i s  c o n n e c t e d  t o  t h e  two 
j u n c t i o n s ,  i n  su c h  a waÿ t h a t  t h e  P e l t i e r  c u r r e n t  c a n n o t  p a s s  
t h r o u g h  i t .
The a r r a n g e m e n t  o f  a  r a d i o  b a l a n c e  i n  shown i n  f i g u r e  ( /o) .  
R a d i a t i o n  p a s s e s  t h r o u g h  t h e  c i r c u l a r  a p e r t u r e  and i s  c a u g h t  i n  
t h e  c u p ,  w h ich  i s  abou t  1 cm i n  l e n g t h  and  Jmm i n  d i a m e t e r .  The 
P e l t i e r  c o u p l e ,  o f  i r o n  and C o n s t a n t i n ,  i s  s o l d e r e d  t o  t h e  b o t to m  
o f  t h e  cup ,  w h ich  i d  mounted on a  t u b u l a r  p i l e  c o n s i s t i n g  o f  
' t w e l v e  e l e m e n t s .  These  a r e  i n s u l a t e d  from e l e c t r i c a l  c o n t a c t  
w i t h  t h e  cu p ,  by v e r y  t h i n  p a p e r  and s h e l l a c  as  i t  i s  r eg^u ired  
t o  make good t h e r m a l  c o n t a c t  w i t h o u t  making e l e c t r i c a l  c o n t a c t .  
The lo w e r  j u n c t i o n  o f  t h e  p i l e  i s  s c rew e d  i n t o  a  t h i c k  c o p p e r  
o f  a  hoblow c y l i n d e r  o f  5 x 5 sq..cms i n t e r n a l  d i a m e t e r .
‘Xfv\rh V
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The c u r r e n t  t l i r o u g h  t h i s  P e l t i e r  c o u p l e  i s  a d j u s t e d  u n t i l  
t h e  g a l v a n o m e t e r ,  i n  s e r i e s  w i t h  t h e  t h e r m o p i l e s ,  shows no 
d e f l e c t i o n ;  t h e n  t h e  cups a r e  i n t e r c h a n g e d #  T h is  e l i m i n a t e d  t h e  
J o u l e  e f f e c t  o f  t h e  c u r r e n t #  I n  p r a c t i c e ,  t h e r e  i s  alvv^ays a  à l i g t t
c u r r e n t  i n  i n t e r c h a n g i n g  t h e  cups  b u t  t h i s  ca n  be a l l o w e d  f o r
by s h i e l d i n g  b o t h  cups f rom radiation^jf i and n o t i n g  t h e  d e f l e c t i o n  
on i n t e r c h a n g i n g  a  known c u r r e n t  t h r o u g h  t h e  c u p s .  I t  was found  
i n  e x p e r i m e n t s  t o  d e t e r m in e  t h e  ” b lackness^^  o f  t h e  cups  as  
r e c e i v e r s ,  t h a t  t h e  c u p s ,  when i n  t h e  h i g h l y  p o l i s h e d  s t a t e  i n  
w h ich  t h e y  came from t h e  s p i n n e r ,  gave  an  a b s o r b i n g  power o f
a b o u t  9 4 ^ ,  as  compared w i t h  a b o u t  3Cfo f o r  a  s i m i l a r  m e t a l  d i s c .
T h i s  l a t t e r ,  when b l a c k e n e d ,  c a n  be made t o  a b s o r b  up  t o  96 ^ ,  
and  a s s u m in g  t h e r e f o r e  t h f i t  b l a c k e n i n g  t h e  i n s i d e  o f  t h e  cups 
w ou ld  i n c r e a s e  t h e  a b s o r b i n g  power o f  t h e  cups c o r r e s p o n d i n g l y ,  
i t  seems t h a t  t h e y  may be r e g a r d e d  as  p r a c t i c a l l y  f^black” .
To c a l i b r a t e  t h e  b a l a n c e ,  i t  i s  n e c e s s r y  t o  f i n d  t h e  v a l u e  o f  
t h e  P e l t i e r  c o e f f i c i e n t  u n d e r  c o n d i t i o n s  s i m i l a r  t o  t h o s e  u n d e r  
w h ic h  t h e  m easu rem ent  i s  made. H oare  made, v e r y  c a r e f u l l y ,  two 
r e s i s t a n c e  c o i l s ,  e q u a l  t o  n i n e  ohms and  accurate  t o  one p a r t  i n  
a  t h o u s a n d .  Tl:^se w ere  f i t t e d  i n t o  t h e  c u p s ,  a  l i t t l e  o i l  b e i n g  
in t r m d u c e d  t o  b e t t e r  t h e  t h e r m a l  c o n t a c t .  He p l a c e d  t h e  t o p  o f  
t h e  c o i l  a t  l e a s t  2 mm b e lo w  t h e  t o p  o f  t h e  cu p ,  and, ,were arranged, 
so t h a t  t h e  h e a t i n g  c u r r e n t  p a s s e d  t h r o u g h  one c o i l  a t  a  t i m e ,  but 
t h r o u g h  b o t h  l e a d s ,  so  t h a t  t h e  c o m p e n s a t in g  e f f e c t  due t o  t h e  
l e a d s  was e l i m i n a t e d .  The h e a t i n g  e f f e c t  o f  t h e  P e l t i e r  c o e f f i c ­
i e n t  f o r  b o t h  cups was b a l a n c e d  a g a i n s t  t h e  h e a t i n g  e f f e c t  o f  t h e  
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e r a t u r e  o f  t h e  s u r r o u n d i n g s ,  f o r  t e m p e r a t u r e s  up t o  
I t  ~  1^ 00 + 0 . 0 6 6 , ( t  -  20")
where t°C i s  t h e  t e m p e r a t u r e  o f  t h e  s u r r o u n d i n g s ,  and P t h e  c o e f .
f i c i e ^
I n  h i s  f i r s t  d e t e r m i n a t i o n ,  Hoare u s e d  e l e c t r i c a l  means o f  
h e a t i n g  as h i s  s o u r c e  o f  r a d i a t i o n ,  ( s e e  f i g u r e  (j )
I h e  m easurem ents  o f  t h e  d i a m e t e r s  o f  t h e  a p e r t u r e s  w ere  t o  
.0001  cm, and he t o o k  t h e  mean o f  r e a d i n g s .
I n  h i s  suhseçLuent d e t e r m i n a t i o n ,  he a r r a n g e d  h i s  
r e c e i v e r  a l i t t l e  d i f f e r e n t l y ,  h a v in g  t h e  c o p p e r  b l o c k  e n c l o s e d  
i n  a  l a r g e  a lum inium  box. He u s e d  a s team  h e a t e r  f o r  t h i s  d e t e r ­
m i n a t i o n ,  b u t  t h e  n o v e l  p a r t  o f  t h e  a p p a r a t u s  b e i n g  t h e  r e c e i v e r  
we w i l l  d e s c r i b e  t h i s  i n  d e t a i l .
The f i g u r e  (/%) 8hov^% t h e  a r ran g em en t  o f  t h e  r e c e i v e r ,
A l .  i s  an  a lum inium  c y l i n d e r  o f  7 . 2 cm d ia m e t e r  and 3 . 2 cm lo n g .
The ends o f  i t  a r e  cu t  i n  s t e p s ,  so t h a t  by means o f  v u r c a n i t e  
r i n g s  sc re w ed  i n t o  t h e  a lum inium , t h e  b r a s n  c y l i n d e i c a l  r i n g ,  A, 
3 .3 cm i n  d i a m e t e r  i s  k e p t  i n  p o s i t i o n  i n  t h e  a lum in ium . C i s  a 
c o p p e r  c y l i n d e r ,  .Jem t h i c k  and c l o s e d  w i t h  a n o t h e r  co p p e r  r i n g  
P ,  t o  w h ich  t h e  t h e r m o p i l e  m ountings  a r e  b r o u g h t ,  and v/hich 
s u p p o r t s  t h e  c o p p e r  r e c e i v i n g  cu p s .  At t h e  o t h e r  end o f  t h i s
c y l i n d e r  i s  a n o t h e r  p l a t e  o f  c o p p e r ,E ,  w i t h  c o n i c a l  h o l e s , b l a c k ­
ened on t h e  i n s i d e .  Behind t h e s e  two h o le s  a r e  sc rew ed  d i s c s  
o f  s t a i n l e s s  s t e e l  w i th  b e v e l l e d  a p e r t u r e s  of abou t  2 mm d i a m e t e r s  
a r r a n g e d  e x a c t l y  i n  f r o n t  o f  t h e  cups .  The edges o f  t h e  e a r e
a c c u r a t e l y  c u t ,  and f o i l  p u t  o ver  them t o  g iv e  a f i n a l  ^ s h a r p n e s s
F i s  a b r a s s  tu b e  l e t  i n t o  t h e  a p p a r a tu s  t o  t a k e  a th e rm o m e te r
l^iqvRk la
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I t  i s  v e r y  i m p o r t a n t  t h a t  t h e  t e m p e r a t u r e  o f  t h e  cups  i s  t a k e n  
r i g h t  i n  t h e  m id d le  o f  t h e  a p p a r a t u s .
The tvm h o l e s  i n  f r o n t  o f  t h e  cups ad m it  t h e  r a d i a t i o n  t o  t h e  
c u p s ,  and  t h e  r a d i a t i o n  can  he s c r e e n e d  from e i t h e r  cup hy a 
d o u b le  s h u t t e r , G .  The s e p a r a t i o n  o f  t h e  s h u t t e r  and t h e  cups  i s  
e x a e ^ r a t e d  i n  t h e  f i g u r e .  T h is  d o u b le  s h u t t e r  i s  made o f  two 
p i e c e s  o f  b r a s s ,  s e p a r a t e d  from one a n u t h e r  by a p i e c e  o f  f i b r e .  
The r a d i a t i o n  p a s s e s  th r o u g h  t h e  c o n i c a l  h o l e s  i n  t h e  s h u t t e r ,  
t o  e i t h e r  c u p . The tinjnee s c r e e n s  i n  f r o n t  o f  t h e  a p p a r a t u s  s h i e l d  
i t  from s t r a y  r a d i a t i o n ,  and a l s o  g iv e  » d i r e c t i o n ^  t o  t h e  r a d i a ­
t i o n  coming i n .  The t h e r m o p i l e s  were made o f  c o p p e r - c o n s t a n t i n  
t o  p r e v e n t  r u s t .  The r e c e i v e r  was b u i l t  t o  have  a  v e i y  l a r g e  
s p a c e  b e tw e e n  t h e  cups t h e m s e l v e s  and a l s o  betweem them and t h e  
b r a s s  c y l i n d e r .  I t  was found  t h a t  a r r a n g e d  i n  t h i s  way, t h e  
t e m p e r a t u r e s  o f  t h e  s u r r o u n d i n g s  were m a i n t a i n e d  a t  v e r y  
c o n s t a n t  t e m p e r a t u r e s .
A f t e r  a  s e r i e s  o f  m e asu rem e n ts ,  Hoare gave
M e n d en h a l l  a t t e m p t e d  t o  m easure  cr, by co m p a r in g  t h e
e m i s s i v i t y  f rom an e n c l o s u r e  w i t h  an o r i f i c e ,  when t h i s  i s
c l o s e d  w i t h  when i t  i s  i p e n ,  t h a t  i s  t o  s a y ,  c o m p a r in g  t h e  
e m i s s i o n  from t h e  e n c l o s u r e  when t h i s  i s  e m i t t i n g  as a b l a c k - b o d yI
w i t h  when t h e  e n c l o s u r e  i s  l o s i n g  h e a t  o n ly  by e m i s s i o n  f rom t h e
w%lls ( t h e  c o n d u c t i o n  and c o n v e c t i o n  e f f e c t s  r e m a i n i n g  t h e  same
i n  b o t h  c a s e s . )
The a u t h o r  h i m s e l f  t h i n k s  t h a t  t h i s  m ethod i s  c a p a b l e  o f
gg%at e x p e r i m e n t a l  a c c u r a c y .
j'iv- pairing rk't 
j i r d r K  fiaéUHv
(j,fL 1^4 Ac/ &los^eL, 
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I n  t h e  f i g u r e  i,(3)the e x p e r i m e n t a l  a r r a n g e m e n t  can  be s e e n .
The r a d i a t o r  i s  made o f  c o p p e r ,  i n  t h r e e  p a r t s .  The i n n e r  w a l l  
i s  . 1mm t h i c k  and b l a c k e n e d  on t h e  i n s i d e .  I t  t h e  t o p  i s  a 
c i r c u l a r  a p e r t u r e  w i t h  a g o l d  r im .  The o t t e r  s u r f a c e  i s  e n t i r e l y  
c o v e r e d  w i t h  w i r e ,  t h e  two ends o f  which  a r e  a t  t h e  c l o s e d  end 
o f  t h e  r a d i a t o r .  They a r e  c o a t e d  w i t h  s h e l l a c  t o  i n s u l a t e  them 
from t h e  o u t e r  v e s s e l .  The p a r t  o f  t h e  r a d i a t o r  ro u n d  t h e  a p e r t u i e  
i s  made früm soliLd g o l d .  The i n s i d e  edges  a r e  c a r e f u l l y  b e v e l l e d  
w h i l e  t h e  p u t s i d e  ones a r e  g ro u n d  and p o l i s h e d  t o  a lm o s t  o p t i c a l  
f l a t n e s s .
E i c k e l  w i r e  was u s e d  as  t h e  r e s i s t a n c e  th e rm o m e te r ,  b e c a u s e  o f
i t s  l a r g e  t e m p e r a t u r e  c o e f f i c i e n t ,  and b e c a u s e  i t  made a r e l i a b l e
r e  d i s t a n c e  t h e r m o m e te r .  The o u t e r  s u r f a c e  o f  t h e  r a d i a t o r  was
made o f  p o l i s h e d  g o l d ,  t o  r e d u c e  t h e  e x t e r n a l  h e a t  l o s s e s #
The l i d  was ,  f i r s t  o f  a l l ,  made o f  c o p p e r  and g o ld  p à a t e d ,  b u t ,
l a t e r  i t  was made o f  s o l i d  g o l d ,  b e c a u s e  t h e  e m i s s i v i t y  o f  s o l i d
g o l d  c o u l d  be r e p r o d u c e d  w i t h  g r e a t e r  accuiKEcy, and i t  made b e t t e r
c o n t a c t  w i t h  t h e  r im  o f  t h e  r a d i a t o r #  The edge o f  t h e  l i d  was grou
(nd
and p o l i s h e d  t o  g i v e  good c o n t a c t .  The i n n e r  s u r f a c e  was b la a k e n e a  
w i t h  lamp4. b l a c k  and s h e l l a c #  The r e c e i v e r  c o u ld  be e v a c u a t e d  t o  
10" ^ mm o f  m e rc u ry .  The l i d  was s u s p e n d e d  w i t h  a  s i l k  t h r e a d  and 
c o u l d  be  r a i s e d  o r  lo w ered  by e x t e r n a l  a p p l i c a t i o n  o f  a l e v e r .
The r e c e i v e r  and b a t h  were b o t h  b r a s s  v e s s e l s ,  b l a c k e n e d  i n t e r n a l ^
w i t h  l a m p - b l a c k  and s h e l l a c #  The t e m p e r a t u r e  o f  t h e  b a t h  co u ld  
be k e p t  c o n s t a n t ,  w i t h  i c e ,  o r  by means o f  a  t h e r m o s t a t .
The e-q-uation f o r  cT i s
-  jfi: -  - t ;  ) f
i p-
where  -  e q u i l i b r i u m  c u r r e n t  w i t h  t h e  l i d  open
^  " ” ” s h u t
R r e s i s t a n c e  o f  t h e  r a d i a t o r  c o i l s  a t  t h e  t e m p e r a t u r e  
_ T^°C, i n  ohms
— a ü n à u c t i o n  l o s s  by th e rm o c o u p le  when u s e d  t o  o p e r a t e  
% ZL T e m p e ra tu re  o f  r e c e i v e r  l i d ,
z: ” r a d i a t o r
” l i d
zi e m i s s i v i t y  o f  g o l d  
a a r e a  o f  a p e r t u r e ,
A ZL " ” exposed  s u r f a c e  o f  l i d
The low e m i s s i v i t y  o f  t h e  e x t e r n a l  g o ld  s u r f f i e e  has  two ad v a n -  
t a g e s , ( a ) t h a t  t h e  r a d i a t i o n  t h r o u g h  t h e  a p e r t u r e  i s  r e l a t i v e l y  
l a r g e  - f ro m  one t h i r d  t o  one h a l f  o f  t h e  t o t È.& l o s s  w h ich  t a k e s  
p l a c e  when t h e  a p e r t u r e  i s  c l o s e d , ( b ) ,  t h a t  t h e  t e rm  d e p e n d in g  
on 0"g. i s  o n ly  s m a l l  so t h a t  i t  n eed  n o t  be known to h  h i g h  d e g r e e  
o f  a c c u r a c y .
M easurem ents  o f  t h e  r e s i s t a n c e  c o i l s  were  made w i t h  a 
W h e a t s to n e ^ s  b r i d g e , ( 10 : 1 ) .
C u r r e n t  m easurem ents  were made w i t h  a T a i s l e y  p o t e n t i o ­
m e t e r ,  m e a s u r in g  t h e  v o l t a g e  drop  o v e r  a  10 ohm c o i l  i n s e r t e d  
i n  s e r i e s  vi/ith the* r a d i a t o r .
To d e t e r m i n e  6  ^ . I t  was a t  f i r s t  i n t e n d e d  t o  measure  cr^  from 
t h e  a r e a  o f  t h e  c l o s e d  r a d i a t o r  and t h e  en e rg y  i p p u t  r e q u i r e d  t o  
m a i n t a i n  e q u i l i b r i u m .  T h is  Method i s  s u b j e c t  t o  u n a v o i d a b l e  
e r r o r s ,  due t o  t h e  c r e v i c e s  where  t h e  two p a r t s  o f  t h e  o u t e r  
j o i n ,  and t o  t h e  v a r i a b l e  c o n t a c t  b e tw e en  t h e  o u t e r  s h e i l  and 
t h e  c o i l .  A lso  t h e  e f f e c t  o f  p l a t i n g  t h e  g o l d  on c o p p e r  c a u s e s  
some v a r i a t i o n .  T h e r e f o r e  a  s o l i d  g o l d  l i d  was u s e d ,  gmm i n  
d i a m e t e r ,  and 1 .^mm t h i c k .  I t  was made i n  t h e  ÿ a r t s ,  w i t h  s i l k  
enam el n i c k e l  c o i l  s t u c k  i n  b e tw een  t h e  two p a r t s  w i t h  s h e l l a c .  
A l l  t h e  c r a c k s  were c a r e f u l l y  s e a l e d .  With  t h i s  a r r a n g e m e n t ,  a 
v e r y  c o n s t a n t  v a l u e  f o r  was g o t , namely
0  ^ -  1 . 4 9 6 ;  and 2 . 3 7 2  X  10~^^ w a t t s  .cm**^ . d e g " ^ . I t  was fo u n d  t h a t
t h e  c o n c o rd a n c e  b e tw e e n  t h e s e  two v a l u e s  was s u f f i c i e n t .
A d i f f e r e n t  e m i s s i v i t , /  was o b t a i n e d  by u s i n g  a  r e c e i v e r  and l i d
v;hich v/as p l a t i n u m  p l a t e d ,  i n  v;hich c a s e  t h e  e m i s s i v i t y  o f  t h e
l i d  was found  f r o n  t h e  t o t a l  a r e a  o f  th e  l i d ,  and t h e  t o t a l
e m i s s i v i t y  o f  t h e  c l o s e d  r a d i a t o r .
The a p e r t u r e had  t o  be m e asu red  a c c u r a t e l y .  I t s  v a l u e  r a n g e d
f r o m . 7 t o  1 ,3mm i n  d i a m e t e r .  The edges  were e x t r e m e l y  s h a r p ,
b e i n g  fo rm ed  by t h e  i n t e r s e c t i o n  o f  c o h i c a l  and e x t e r n a l  f l a t
s u r f a c e s ,  t h i s  l a t t e r  b e i n g  g ro u n d  and p o l i s h e d .
The d e g r e e  o f  a c c u r a c y  o £  t h e  m easurem ent  was
t e m p e r a t u r e  t o  w i t h i n  . 0 3 °C
r e s i s t a n c e  g r e a t e r  t h a n  1 pawt i n  3000
c u r r e n t  " " 1 p à r t  i n  1 0 ,0 0 0 .
I t  was found  t h a t  any one r a d i a t o r  would g iv e  v e r y  con­
s i s t a n t  r e s u l t s .
The f o l l o w i n g  a r e  t h e  c h i e f  s o u r c e s  o f  e r r o r  i n  t h e  m easu rem en t  
F i r s t l y ,  o f  c o u r s e  t h a t  t h e  r a d i a t o r  i s  n o t  a  p e r f e c t l y  b l a c k - b o d y  
I f  E i s  t h e  e m i s s i v e  power,R  t h e  r e f l e c t i n g  power o f  a b l a c k - b o d y  
a p e r t u r e ,  t h e n ,  ^  1
and  R z. .d s  f  R^y/e'^.ds f  . . .
where Rg i s  t h e  i n t r i n s i c  r e f l e c t i n g  power o f  t h e  i n n e r  s u r f a c e ,  
e : i s  t h e  p e r c e n t a g e  o f  t h e  r a d i a t i o n  s t r i k i n g  an  e lem e n t  w h ic h ,  
r e f l e c t e d  more t h a n  o n ce ,  a c c o r d i n g  t o  Lambeth»s law ,  e s c a p e s  t h e  
a p e r t u r e ,  e^  i s  t h e  p e r c e n t a g e  a f t e r  two r e f l e c t i o h s , e t c ;
S in c e  R c a n  be made q u i t e  s m a l l ,  t h e  h i g h e r  powers  a r e  p r a c t i c ­
a l l y  n e g l i g i b l e .  I n  p r a c t i c e ,  t h e  i n t e g r a t i o n  i s  r e p l a c e d  by 
sum m ation ,  w h ich  i s  done g r a p h i c a l l y .  M en d en h a l l  a l lo w e d  R z. .0011
and t h e r e f o r e  E  z .  . 9 9 ^ 9 .
C o r r e c t i o n  a l s o  h ad  t o  be made f o r  t h e  f a c t  t h a t  t h e  r e c e i v e r  
was n o t  a  p e r f e c t l y j b l a c k - b o d y . For  t h i s ,  he p u t  A z: •999*
T h i r d l y  t h e r e  i s  t h e  t e m p e r a t u r e  d rop  b e tw e en  t h e  c o i l  and 
t h e  r a d i a t i n g  s u r f a c e ,  t h r o u g h  t h e  s i l k  i n s u l a t i o n  o f  t h e  c o i l  
and  t h e  b l a c k e n i n g  o f  t h e  w a l l s ,  t o  be c o r r e c t e d .
A f t e r  a l l o w i n g  f o r  a l l  t h e s e  c o r r e c t i o n s ,  t h e  v a l u e  
g i v e n  f o r  t h e  c o n s t a n t  was
(T -  3 . 7 9
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was p u b l i s h e d  r e c e n t l y  by Hoare  i n  a  p a p e r  i n  w h ich  he e x p r e s s e s  
h i s  v ie w s  on t h e  r e l a t i v e  m e r i t s  o f  t h e  v a r i o u s  v a l u e s  o b t a i n e d  
e x p e r i m e n t a l l y  f o r  t h e  r a d i a t i o n  c o n s t a n t , ( t h e  S t e f a n - B o l t z m a n n  
c o n s t a n t , )  O’.
He s a y s  t h a t  t h e  v a r i u u s  i n v e s t i g a t o r s  have  made a t t e m p t s  t o
im prove  t h e  c o n s t a n c y  f o r  t h e  v a l u e ,  by a p p l i c a t i o n  o f  c o r r e c t i o n ^
( as  we h av e  s e e n  i n  t h e  f o r e g o i n g  a c c o u n t . )  Hoare  m a i n t a i n s  t h a t
t h e s e  p r o c e e d i n g s  a r e  ” d a n g e r o u s " , f o r  n o t  o n l y ,  he s s y s ,  a r e
t h e  p u b l i s h e d  d e t a i l s  u s u a l l y  i n s u f f i c i e n t  f o r  s u c h  a c o r r e c t i o n
f
t o  be a p p l i e d  v / i t h  c e r t a i n t y ,  b u t  a l e c ,  t h e r e  w i l l  be  , q u i t e
u h c o n s c i e u s l y , a  b i a s  i n  f a v o u r  o f  a  c o r r e c t i o n  w h ich  w i l l  b r i n g
t h e  r e s u l t s  o f  t h e  o t h e r  i n v e s t i g a t o r s  i n  s u b s t a n t i a l  a g re e m en t
w i t h  one» s own »', .
He t h e n  p r o c e e d s  t o  g i v e  »» weights»» t o  t h e  v a l u e s  o b t a i n e d
by t h e  p r e v i o u s  w o r k e r s , and he a l l o t s  e q u a l  w e i g h t s  u n d e r  t h e
f o l l o w i n g  h e a d i n g s
( 1 ) . D e s i g n  o f  R a d i a t o r
( . »» »» R e c e i v e r
( 3 ) . E f f i c i e n c y  o f  r e c e i v i n g  a p p a r a t u s , ( i . e . w h e th e r  good o r  p o o r  
a b s o r b e r ,  abd method o f  a p p l y i n g  c o r r e c t i o n ) .
( 4 ) . Method o f  o p e ra tm o n  o f  w a t e r - c o o l e d  s h u t t e r s
(3 ) .  »» »» '» »» r e c e i v e r , ( s y m m e t r i c a l  o r  u n s y m m e t r i c a l )
( 6 ) .A c c u ra c y  o f  s u s b i d i a r y  m e a s u r e m e n t s , ( e . g . l e n g t h s , a r e a s ,  e l e c t ­
r i c a l  m easu rem en ts  , e t c  ; ,)
( 7 ) .  Range o f  c o n d i t i o n s  t a k e n
( 8 ) .  Flamber o f  r e s u l t s  and t h e  i n d i v i d u a l  v a r i a t i o n .
Vi/ithout d e t a i l s  o f  t h e  a c t u a l  c a l c u l a t i o n ,  he g i v e s  t h e  f o l l ­
owing t a b l e  f o r  t h e  r e s u l t s  and the  " w eights» '  as he h a s  c a l c u l a t e  
them . The maximum " w e ig h t  " f o r  any d e t e r m i n  t i o n  i s  A
P h i l . h a g .  1 4 .4 4 5 .  1 9 5 2 .
ir^
r (•Jaqnr,
K u r lb au m 5*j^5 hF e r y 6 . 5 0
B a u e r  & M o u l in 5 . 5n II II 5 . 7 1
3‘aTodd 5 . 4 5
V a l i n t i n e r 5 . 5 8
F e r y  & Drecq. 6 . 5 1
1
nIt IT II 6 . 20 V
S h a k e s p e r e 5 . 6 7 2
P u c c i a n t i 5 . ^ 6 1
1
2
II 6 . 15
G e r l a c h 5.8®)
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W e s t p h a l l 5 .541II 5 . 57/ 2
Keene 5 . 8 9 1
3C o b l e n t g 5 . 7 2 2
K ahrov / icz 5 . 611 2II 5 . 6 1 /
H o f fm a n n 5 . 7 6 4 2
Kussmann 5 .795 2
M e n d e n h a l l 5 . 7 9 1
H o a r e 5 . 7 5 5 1
5 . 755 /
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W e ig h te d  mea.-n z: 5 * 7 4 2 ^ 0 . 2 7
B i r g e ^  p u t s  t h e  most  p r o b a b l e  v a l u e  a s
^  -  5*735 t  *011
H o are  c a l c u l a t e s  t h e  v a l u e  f o r  P la n c k ^  s c o n s t a n t ,  h f rom  
t h e  v a l u e  f o r  cr z.(5 *942 f  *019j> and t h e  g e n e r a l l y  a c c e p t e d
v a l u e s  f o r  t h e  c o n s t a n t s ,  "k" and  " c " ,  and  o b t a i n s
h  -  ( 6 . 5 5 6 1 . 0 1 1  ) X 
The f o l l o w i n g  t a b l e  shows t h e  v a i n e s  c a l c u l a t e d  by B i r g e  ;
r j e f .  B i r g e ,  r e v . m o d .  p h y s .  1 . 1 .  1929 .
tr<
M ethod  o f  c a l c u à a t i n g . v a l u e  o f  h
Rydberg»  s c o n s t a n t 6 .^ 9 7 -  .011
I o n i s a t i o n  p o t e n t i a l s 6 .5 6 0 ~ .015
X - r a y s 6 . 5 5 0 1 .0 09
P l a n c k ' s  r a d i a t i o n  c o n s t a n t  c^ 6 . 5 9 8 -  .0 15
P h o t o e l e c t r i c 6 . 5 4 5 -  .010
I t .  i s  i n t e r e s t i n g  t o  n o t i c e  t h a t  t h e  l i m i t i n g  
v a l u e s  o f  cr, g i v e n  by B i r g e ,  by c a l c u l a t i o n  f rom  o t h e r  
c o n s t a n t s , ,  n am e ly
d -  5 . 7 4 6  t o  O' ^  5 . 7 2 4
a r e  c o m p l e t e l y  c o n t a i n e d  w i t h i n  t h e  l i m i t s  o f  t h e  v a l u e s  
g i v e n  by H o a r e ,  f ro m  e x p e r i m e n t a l  v a l u e s ,
cr -  5 .761 t o  cr -  5 .723
I f  B i r g e s  l i m i t s  o f  e r r o r  a r e  c o r r e c t , them  t h i s
vm uld  seem t o  i n d i c a t e  t h a t  t h e  c o r r e c t  v a l u e  l i e s  b e tw e e n  
cr z. 5*746 and  cr 5*724.
